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Editorial 


Hidden Hazards of Cardiac Pacemakers 


N A RECENT editorial reviewing the 
I utilization of electric pacemakers for 
Stokes-Adams disease, Zoll and Linenthal}! 
stated, ‘‘Direct electrical stimulation also 
earries a risk of ventricular fibrillation from 
technical accidents.’’ In succeeding sentences 
they mentioned having knowledge of several 
instances in which transient fibrillation was 
inadvertently produced, and emphasized the 
danger to the patient of attaching a number 
of different types of electrical apparatus to 
him; they pointed out specifically that, when 
a pacemaker is used, no such apparatus 
should be attached to wires leading to the 
heart until all instruments have been prop- 
erly grounded., 

The dangers of cardiac pacemakers have 
thus been clearly pointed out, but it is be- 
lieved that some further amplification and 
emphasis are justified with a subject title to 
draw attention of the profession to a hazard 
that might be readily overlooked. That the 
problem has been encountered is exemplified 
by the short report of fatal shock from a 
cardiac monitor? and by the discussion of 
Furman and associates*® on intracardiac pace- 
makers in the control of heart block; in this 
discussion they mention that three patients 
died as a result of ventricular fibrillation be- 
lieved induced by electric leakage from line 


From the Mayo Clinie and the Mayo Foundation, 
Rochester, Minnesota. 
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current. Their investigation revealed minute 
leaks of alternating current via the pace- 


maker, oscilloscope recorder, and fluoroscope. 

Since the introduction of electrocardio- 
graphs with various stages of amplification 
and with the power derived from house eur- 
rent, it has been suspected that a potential 
hazard might be present. This was thought 
to be particularly true if the patient was 
grounded to the ground wire of the house cir- 
cuit—if the plug was reversed, the patient was 
‘‘echarged’’ with the potential of such an out- 
let. Ten years ago, when the advisory com- 
mittee on electrocardiographs of the Council 
on Physical Medicine and Rehabilitation of 
the American Medical Association was active, 
Dr. H. B. Williams,? who might be called ‘‘the 
father of American  electrocardiographs,’’ 
believed that the new machines carried a defi- 
nite hazard but it was thought that he had a 
natural bias against the modern amplifying 
type of electrocardiographs. His emphasis on 
the nature of the wiring did draw many peo- 
ple’s attention to the current that a person 
could obtain from the chassis of one type of 
electrocardiograph if another part of his body 
was grounded. With the introduction of intra- 
cardiac and epicardial electrodes, his fears of 
a Cassandra nature at that time now become 
stark realities. 

The physician may wish to utilize direct 
cardiac electrodes in the study of the activa- 
tion of a human heart at the time it is exposed 
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during a surgical procedure, or he may utilize 
the potential recorded from an intracardiac 
or epicardiae electrode to determine its posi- 
tion or the nature of its contact with the 
myocardium. If an electrode has been placed 
in the right side of the heart via a venous 
catheter, an easy way to determine whether 
it is in the pulmonary artery, right ventricle 
or right atrium is from an electrocardiogram 
inscribed from it. From a surface electrode 
one can obtain potentials showing the amount 
of injury or the magnitude of the potential 
indicating the nature of the muscle contact. 
In patients who have complete or incomplete 
heart block, either from disease or from a 
surgical procedure, and who are connected 
to a monitor or a monitor pacemaker, it may 
be interesting or desirable, or both, to obtain 
electrocardiographic records. The cryptic 
dangers inherent in such a procedure must 
be recognized. It should be an axiom that if a 
combination of errors could be made by 
nursing, house or consultative staff, eventu- 
ally an accident might take place irrespective 
of the intelligence and basic training of such 
persons. One should know the procedures that 
are safe and should not depart from protocol 
into areas where one is ignorant of the elec- 
tric circuits and possible current leaks. 
To document the nature of the current that 
could be obtained from a popular type of 
portable electrocardiograph,* such apparatus 
was improperly connected to the power sup- 
ply by turning the plug, and the current from 
right-leg electrode was applied to the exposed 
heart of an experimental animal. Ventricular 
fibrillation was regularly produced after the 
current had been flowing for 2 or 3 seconds; 
each time, with stoppage of the current, the 
heart could be resuscitated by a single shock. 
In one trial, touching the electrode to the 
atrium caused transient atrial fibrillation. 
The current flowing from this ‘‘right-leg elec- 
trode’’ was measured in the engineering lab- 
oratory and was found to amount to 0.64 
milliampere ; when viewed on the oscilloscope, 
it was practically a perfect sine wave. These 


*Sanborn Visocardiette. 
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findings are in accord with those known to 
the research laboratory of 
graph’s manufacturers® who are fully cogni- 
zant of the facts reported and cooperative in 
their attitudes. 

To hypothesize a dangerous situation in the 
human, one could imagine an investigator, in 
initiating a study of the potential from cavi- 
ties or surfaces of the heart, inadvertently 
connecting the machine improperly to the 
wall plug and using the right-leg electrode as 
an exploring wire. Such ineptitude appears 
most improbable ; indeed, a more likely hazard 
would be one wherein the intracardiac elec- 
trode is grounded and the electrocardio- 
graphic machine attached incorrectly so that 
the current would be flowing from the right 
leg to the intracardiac electrode. It is impor- 
tant to note that an independent ground from 
the chassis of the electrocardiograph would 
obviate the danger but the necessity of re- 
membering to use this remains an essential 
problem. 

The question that has undoubtedly arisen 
in the reader’s mind is whether accidents have 
actually occurred in the medical institution 
with which the writer is associated. This 
proper inquiry cannot be answered categor- 


electrocardio- 


ically, but the suspicion was strong that it 
happened in one particular death occurring 
in August, 1959, at the time a pacemaker 
powered from the house circuit was in opera- 
tion and an electrocardiogram was being 
taken. It is believed that since that time the 
regulations concerning the taking of electro- 
cardiograms have been sufficiently emphasized 
that no accidents have occurred. For purposes 
of inquiring into such unrecognized possibili- 
ties of death, however, Taylor,® working with 
Kirklin, reviewed the records of 366 consecu- 
tive patients who underwent right ventricu- 
lotomy on the latter’s service during the fall 
of 1957 and the years 1958 and 1959. In this 
group of patients, myocardial electrodes were 
left in place in 60, of whom 26 died. In a 
total of four cases, including the one already 
mentioned, the temporal relation of the death 
to the taking of the electrocardiogram was 
sufficiently close to raise the question of in- 
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duced death, but only in the one case already 
mentioned was the suspicion particularly well 
founded. 

In brief, the danger is present when the 
patient or multiple types of apparatus that 
are being utilized are not well grounded. It 
may be pointed out that one does not have 
danger in taking electrocardiograms when 
transistor pacemakers are in operation, al- 
though there is the slight hazard of having a 
direct conductor to the heart muscle which 
might be utilized incorrectly in some type of 
study of the cardiae potentials. Furman and 
associates* mentioned that in their work they 
now use battery-powered equipment to obviate 
the danger of the alternating-current leaks 
that in their earlier studies they demonstrated 
to occur through various types of equipment 
from the house power supply. 

In conclusion, it may be mentioned that in 
the United States,"* approximately 1,000 
deaths a year are due to accidents caused by 
electric current. Let us, as a profession, not 
increase that number. In that remarkable 
life-restoring gift, the pacemaker, given to the 
profession by the scientific laboratories, one 
is perhaps reminded of the easy pique of the 
ancient Greek gods and goddesses who despite 
their wondrous gifts to mortals often became 
angered. Athene (or the equivalent Minerva) 
was said to have breathed life into the first 
mortals and to have become the patroness of 
colleges and of science, but she was originally 
the lightning goddess. Even so, the Athenean 
pacemaker giving life to the patient’s heart 
may, in a fit of pique in the presencr of an- 
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other apparatus god, undo its good by dis- 
charging a destructive bolt of lightning. 


Howarp B. BuRCHELL 


Addendum 


Since the above editorial was prepared, there has 
appeared an additional communication (Noordijk, 
J. A., Oey, F. T. I., and Tebra, W. Lancet 1: 975, 
1961) pointing out the hazard of intracardiae elee- 
trodes. Ventricular fibrillation occurred in two pa- 
tients when an electrocardiograph was used. Resus- 
citation was possible in both. 

The editorial does not touch on the theoretical 
and potentially practical problems with stimuli to 
the heart which is intermittently not in AV block 
and when a type of interference dissociation is pro- 
duced. To date, this has not created any problem 
to my knowledge. 
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The theories which embody our scientific ideas as a whole are, of course, indispensable 
as representations of science. They should also serve as a basis for new ideas. But as 
these theories and ideas are by no means immutable truth, one must always be ready to 
abandon them, to alter them or to exchange them as soon as they cease to represent the 
truth. In a word, we must alter theory to adapt it to nature, but not nature to adapt 
it to theory —C1LauDE BERNARD. An Introduction to the Study of Experimental Medi- 
cine. New York, The MacMillan Company, 1927, p. 39. 
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STRIKING REDUCTION in serum 
lipids as a consequence of the adminis- 
tration of thyroid substance has long been 
appreciated. However, thyroid analogues 
have not been regarded as practical agents for 
lowering the serum cholesterol of euthyroid 
patients because of their more primary eal- 
origenic and cardiac stimulating effects’: ? and 
because of the reported escape from this ef- 
fect.2>3 More recently fairly substantial evi- 
dence has suggested that various other meas- 
ures of thyroid activity, including serum lipid 
reduction, do not necessarily parallel the 
ealorigenic activity of many analogues of 
thyroxine and triiodothyronine,*:® and the 
escape of serum lipids after prolonged admin- 
istration of such compounds has been found 
to occur only at low dosage.® 
Of these analogues particular interest has 
centered about the dextro-isomer of thyroxine. 
Pitt-Rivers and Lerman’ found that the eal- 
origenie effect of the dextro-isomer was one 
tenth that of the naturally occurring 1-thy- 
roxine. According to Starr®: ® a dose of dextro- 
thyroxine 50 times the usual therapeutic dose 
of levo-thyroxine had a suppressive effect 
upon the serum cholesterol with little, if any, 
ealorigenic effect in diverse patients showing 
serum cholesterol elevation. He*?° has fur- 
ther suggested that it has a minimal effect on 
the heart in comparison with a calorigenically 
equivalent dose of levo-thyroxine. Oliver and 
Boyd"™ have claimed that, among many com- 
From the University of Chicago, Division of 
Biological Sciences, Department of Medicine, Chicago, 
Tilinois. 
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Sodium Dextro-Thyroxine in Coronary Disease 
and Hypercholesteremia 


By Ricuarp J. Jones, M.D., anp Louis CoHEN, M.D. 


pounds studied, dextro-thyroxine showed the 
greatest disparity between its calorigenic and 
hypocholesteremie effect. Larson and co-work- 
ers” found no deiodination of dextro-thy- 
roxine in an in vitro system. However, com- 
parative isotope studies on the disposition 
of d- and 1-thyroxine in the rat by Tapley and 
co-workers!* revealed not only that d-thy- 
roxine was excreted more rapidly, but also 
that it was concentrated twice as much in the 
liver while only one sixth as much in other 
tissues (e.g., heart muscle) as was ]-thyroxine. 


Material and Methods 

Outpatients of the University of Chicago Clin- 
ics with coronary disease or hypercholesteremia, 
and on whom monthly values of serum cholesterol 
were available for 6 months before treatment, were 
given 4 to 8 mg. of sodium d-thyroxine* daily. The 
larger dose was used initially, but the 4 or 6 mg. 
dose was later used, even as the starting dose, 
when adverse effects on the larger dose became ap- 
parent. Basal metabolic rate, pulse rate, and blood 
pressure were measured initially and at least once 
more, after about 3 months of treatment. In addi- 
tion the patients were seen in regular clinic visits 
and examined for signs of hyperthyroidism or 
worsening cardiac symptoms at appropriate in- 
tervals. 

Of 20 patients initially considered for this study, 
one did not cooperate; three developed a sharp 
inerease in the frequency of angina pectoris and 
discontinued the treatment; and one patient died 
suddenly at work, while in the tenth week of treat- 
ment. Two of those developing angina and the 
uncooperative patient were excluded; hence the 
study included one hypothyroid and 16 euthyroid 
patients, all followed for at least 10 weeks. 

Total lipids and phospholipids of sera, drawn 
from patients in the fasting state, were measured 
initially, and at 3 months; the serum cholesterol 
was determined biweekly throughout the first 3 
months of treatment. The total lipids were deter- 
mined gravimetrically from a Bloor extract,!* the 
cholesterol by the technic of Abell and co-work- 





*Generously supplied by Baxter Laboratories as 
Choloxin. 
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ers, and the phospholipid by the Gomori tech- 
nie.16 In four subjects serial observations were 
also made on the cholesterol partition among the 
three lipoprotein fractions separated by two pre- 
parative centrifugations at densities of 1.063 and 


1.019, as deseribed by Havel et al.!7 with minor 


modifications described elsewhere.!8 


Results 

In figure 1 may be seen the time course of 
the serum cholesterol in all the euthyroid pa- 
tients who continued the treatment for 9 
weeks or longer. Except for two patients 
who fluctuated rather widely at first, the in- 
dividual cholesterol curves showed a sharp 
reduction in serum cholesterol levels within 
2 weeks, which was sustained for the first 3 to 
6 months at an average level of about 73 per 
cent of the control level. 

Except for one patient, each showed a sta- 
tistically significant (p < .01) reduction in 
mean serum cholesterol level averaging 27 
per cent below his mean control level. From 
table 1, it may also be seen that there was 
a somewhat less striking reduction in serum 
phospholipid and total lipid values so that 
the cholesterol:phospholipid ratio was _ re- 
duced. In table 2, the serial observations in 
four of our subjects suggest that the only lipo- 
protein fraction consistently contributing to 
the serum cholesterol reduction was that of 
density 1.019 to 1.063. The heavy density 
(> 1.063) lipoprotein cholesterol was but 
little affected and the low density (< 1.019) 
lipoprotein cholesterol was not significantly 
affected by this administration of sodium 
dextro-thyroxine except in the hypothyroid 
patient A.P. 


Calorigenic and Other Side Effects 

All patients lost weight during the first 3 
months of treatment, the average weight loss 
being 314 lb. This loss is reflected in the 
increased daily basal caloric requirement, as 
estimated from the basal oxygen consumption, 
which averaged 174 calories on the 8-mg. dose 
and 87 calories on the 4- to 6-mg. dose. This 
loss was not disadvantageous to many of these 
patients who had been trying to lose weight 
for years, and some patients volunteered an 
increase in energy, in stamina, and in a sense 
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Figure 1 


The per cent of the control serum cholesterol lev- 
els, plotted against weeks of treatment up to 6 
months in the 15 patients listed in table 1 who 
took 4 to 8 mg. daily of sodium d-thyroxine for 9 
weeks or longer. The control level (100 per cent) 
was based on the mean value for 6 preceding 
monthly determinations. 


of well-being. Two patients developed an 
obvious lid lag and tremor of the tongue on 
the larger dose. 

Much more disturbing was the increase in 
intensity of cardiac symptoms. One man 
(R.B.) developed severe classical angina of 
effort for the first time since a myocardial in- 
farction 3 years earlier. Of the patients ex- 
cluded from the study, one who had a stable 
anginal syndrome experienced a sharp in- 
erease in frequency of pain from once to 
several times a day, often in the absence of 
precipitating exertion, on the 8-mg. dose. An- 
other whose anginal pattern had been stable 
for years also had a decrease in exercise tol- 
erance and the new development of nocturnal 
angina. Two of these patients could tolerate 
the drug no better when it was reinstituted 2 
weeks later at 4 mg. per day. The last pa- 
tient was able to tolerate a dose of 2 mg. per 
day of sodium-d-thyroxine, even though he 
still felt a questionable and subjective reduc- 
tion in frequeney of angina on final discon- 
tinuation of that dose. His mean serum level 
of cholesterol (not included in table 1) was 
reduced from 296 mg. per cent during the 
control period to 260 mg. per cent by this 
dose. Of the other 11 patients (including 
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A.P.) afflicted with the anginal sydrome, some 
more severely than the above three, none had 
any such gross change in his pain pattern and 
two thought that perhaps it had improved. 
Actually, no intensification of the anginal 
syndrome occurred in those patients started 
on the 4 or 6 mg. daily dose, and a graded 
increase to full dosage was not regularly pre- 
scribed. 

A return of the symptoms of congestive 
heart failure was noted in two women (M.B. 
and V.F.) after 10 weeks on the 8-mg. dose, 
and after 1 year on the 6-mg. dose, respec- 
tively. These symptoms were not easily con- 
trolled until the d-thyroxine was stopped 
and, in M.B., later adjusted to the 4-mg. dose. 
One patient, receiving long-term Dicumarol 
therapy for a previous myocardial infarction, 
died suddenly at work while in his tenth week 
on the 8-mg. dose. No autopsy was obtained, 
and clinical information was too limited. to 
permit any conclusion regarding a possible 
relationship between dextro-thyroxine admin- 
istration and his death. 

In 11 patients pursuing long-term Dicu- 
marol therapy, great variability in prothrom- 
bin times oceurred during their first month 
of treatment. In all but three, a reduction in 
dosage of Dicumarol was necessary because 
of a prolonged prothrombin time; two of 
these three had a shortened time followed 
later by a prolonged prothrombin time, also 
requiring adjustment of dosage. Thus only 
one patient, F.B., whose response to the d- 
thyroxine was weak in every other way, show- 
ed no unusual fluctuation in Dicumarol re- 
quirement. None of these patients suffered a 
hemorrhagic episode. No equivalent disturb- 
ance in prothrombin time regulatior occurred 
on withdrawal of the thyroxine isomer. 

Escape of the Serum Cholesterol 

Seven of these patients have continued to 
take the thyroxine isomer for long periods of 
11 to 20 months, and their serum cholesterol 
is plotted as the percentage of the control 
level against time in figure 2. It may be seen 
that there is generally a return from maxi- 
mum cholesterol depression in the first month 
to a leveling-off at a stable serum concentra- 
tion for the next 6 months. In two patients 
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° 2 4 6 8 10 12 14 16 18 20 
MONTHS ON D- THYROXINE 
Figure 2 
Serum cholesterol variations in seven patients 


treated with sodium d-thyroxine for 10 to 18 
months. The horizontal line above each curve in- 
dicates the mean control level for each subject, 
the daily dose of sodium d-thyroxine is indicated 
by the figures enclosed by the arrow heads, which 
indicate the beginning and end of each dosage 
level. 


(M.B. and M.W.) dosage adjustments in the 
first 4 months complicate interpretation, but 
there is a definite tendency for the serum 
cholesterol to be higher in the second 6 months 
than in the first 6 months. In all but two 
subjects (H.H. and H.C.) a gradually rising 
trend was apparent by the end of 1 year. The 
serum cholesterol still remained about 15 to 
20 per cent below control levels, however, 
and an inerease in the daily dose from 6 mg. 
to 8 mg. in S.S. restored the lower level of 
12 months earlier. Always, when the drug 
had been terminated, a sharp rise in serum 
cholesterol has been noted (eg., V.F. and 
D.G. of fig. 2). 

Comparison between the response to so- 














JONES, COHEN 


Table 2 


Distribution of Cholesterol among the Three Major Lipoprotein Fractions in Four 
Patients in Mg. per 100 Ml. Serum before and during the Administration of Sodium-d- 
Thyroxine, 8 Mg. per Day 








Period Control D-thyroxine 








Lipoprotein density <1.019 1.019-1.063 >1.063  <1.019 1.019-1.063 >1.063 
mg. % mg. % mg. % mg. % mg. % mg. % 
Ss. S. 27 378 57 42 248 43 
M. B. 44 195 83 28 116 73 
M. L. 34 179 64 37 109 60 
15 149 59 





A. Pt 55 301 115 





*T™ induced myxedema. 


dium d-thyroxine and sodium |-thyroxine was 
made in one patient, A.P., who had been made 
hypothyroid by radioiodine treatment of a 
hyperthyroid state. This patient was clini- 
cally myxedematous, with puffy facial edema, 
slow mentation, thickened speech, weight gain, 
and constipation on February 21, 1959, and 
later on December. 12, 1959, when he was 
receiving no medication. On the latter occa- 
sion, d-thyroxine was reinstituted without 
waiting for the basal metabolic rate to fall 
lower. The serial basal metabolic rate and 
serum cholesterol analyses may be seen in 
table 3. From this comparison, it may be 
concluded that the dose of sodium d-thyroxine 
required to maintain this patient in the euca- 
lorie state is roughly 50 times that of 1-thy- 
roxine. In this particular case, the hypo- 
cholesteremice effect and calorigenic effect 
seem to be disproportionate: the serum cho- 
lesterol was much lower on the d-thyroxine 
than on the ealorically comparable dose of 
l1-thyroxine and a dose only 20 times as great 
still effected a lower level of serum cholesterol 
than was seen with the largest dose of 1-thy- 
roxine. 
Discussion 

The marked hypocholesteremic effect of 
thyroid-active compounds is well observed in 
these 16 euthyroid subjects. Our hypothy- 
roid patient experienced a hypocholesteremic 
effect much more dramatic with d-thyroxine 
than on a calorically equivalent maintenance 
dose of 1-thyroxine. These two observations 
confirm those first made by Starr.*: ® Whether 
serum cholesterol reduction by the d-thy- 
roxine preparation is similarly disproportion- 
ate to its caloric effect, in comparison with 


l-thyroxine, in the euthyroid patient cannot 
be determined from these data. However, 
Strisower et al.!® treated 16 euthyroid sub- 
jects with roughly 1 mg. per day of an 1-thy- 
roxine preparation: about 10 times the usual 
replacement dose of 1|-thyroxine employed 
here. Precise caloric data were not reported 
but, from the observed weight loss and _ in- 
crease in pulse rate, their subjects, though 
enjoying a serum cholesterol reduction com- 
parable to that reported here, sustained a 
much greater calorigenic effect. 

The practical advisability of using this 
dextro-isomer of thyroxine for the control of 
serum cholesterol in euthyroid patients is 
somewhat impaired by the fact that it does 
have a weak but definite calorigenic effect. 
While it seems to be true that this is weaker 
than its hypocholesteremic effect, when com- 
pared with other thyroxine analogues, it is 
still capable of provoking cardiac symptoms 
in patients who may otherwise be quite com- 
fortable. Even this risk might be worth tak- 
ing, if the assurance were great that this hy- 
pocholesteremic effect would halt the process 
of atherogenesis or prevent further occlusive 
episodes. It is still uncertain, however, what 
benefit serum cholesterol reduction may pro- 
vide to the patient with coronary artery 
disease: certainly our fatality had an unsuc- 
cessful outcome. 

Our limited data on lipoprotein cholesterol 
concentrations suggest that, as has been dem- 
onstrated in the case of thyroid extract and 
l-thyroxine,*: 1° the suppressive effect is vir- 
tually limited to the medium density (1.019 
to 1.063) beta lipoprotein. While some evi- 
dence relates hyper-beta-lipoproteinemia to 
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Table 3 


Basal Metabolic Rate and Serum Cholesterol on Comparable Doses of Sodiuwm-d-Thy- 
roxine and -l-Thyroxine in a Subject with Hypothyroidism 


Serum total 





























Dose B.M.R. cholesterol 

Medication mg./day Date* % mg. % 
None 10/4/58 +31 185 
5 me F* 10/15/58 i See 
None 12/23/58 — 5 395 
None 2/21/59 —23 433 
Na-d-thyroxine 10 ; 3/21/59 Se tks ee 161 
4/4/59 0 168 
4/25/59 203 
~ Na-l-thyroxine _ ” _ _——— 300 
5/26/59 —12 307 
6/10/59 345 
Na-l-thyroxine 0.10 8/4/59 ib 28° 
- Na-l-thyroxine 0.20 | es 227 
{ 8/29/59 =i 233 
10/3/59 245 
10/17/59 +2 235 
None 11/7/59 — 9 399 
12/12/59 —15 463 
Na-d-thyroxine 6 1/23/60 225 
2/27/60 198 
3/21/60 177 
) 4/23/60 —4 195 
| 5/21/60 219 
Na-d-thyroxine 4 6/25/60 202 
7/30/60 209 
9/10/60 209 
10/29/60 —10 212 





*The new dosage always started on the date above the preceding horizontal line. 


atherogenesis, there are those who feel that 


Conclusion 

| the lighter density alpha, material (S; 20-400 A marked hypocholesteremie effect (27 per 

or d < 1.019) may be more important in this cent) was seen with the administration of 
; regard.?% 21 Thus, in the present state of our sodium d-thyroxine given in doses of 4 to 8 
; knowledge, the accomplishment of such a hy- mg. per day. It was primarily, as with 1- 
: | pocholesteremic effect with the attendant thyroxine, the beta lipoprotein (d 1.019 to 
5 hazards recorded here does not seem war- 1.063) cholesterol that was affected. The 
: | ranted except perhaps in subjects with mini- reduction in serum cholesterol was _ better 
s mal or no symptoms of heart disease. sustained at the higher dosage levels than at 
e The disturbance in Dicumarol therapy as 4 mg. per day but a slight tendency for the 
t indicated by the rise and fall of prothrombin cholesterol to rise after 1 year could be over- 
)- | times was unexpected. No effort at initial come by a fractional increase in dosage. 
y graded dosage was made in this study, and Sodium d-thyroxine showed the same eca- 
e- this may have emphasized that effect. Two pacity to elevate basal calorie requirement, 

incomplete reports have suggested that the enhance the frequency of the anginal syn- 

ol feeding of thyroid substance to rats did en- drome, and occasionally aggravate symptoms 
n- hance the prolongation of the prothrombin of congestive heart failure that has been re- 
id times induced by a salicylate?? or warfarin.2* ported with other active thyroid compounds. 
ir- In any case, the observation suggests that pa- In this study these adverse effects were seen 
19 tients receiving these two drugs should have predominantly at the 8-mg. daily dose, but 
vi- frequent determinations of the prothrombin even smaller doses were not always tolerated 
to time initially. 


in susceptible patients and the tendency of 
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the serum cholesterol to return to pretreat- 


ment values was more often seen after 6 to 
9 months at lower dosage levels. 

A puzzling alteration in the prothrombin 
time of patients maintained on Dicumarol 
therapy was frequently observed early in the 
course of d-thyroxine therapy. 

Although it is clear that a hyper-beta-lipo- 
proteinemia can be partially corrected by the 
administration of sodium d-thyroxine, the 
usual caution observed in the administration 
of thyroid compounds to patients with heart 


disease is still deserved. 


In view of the pres- 


ent uncertainty of the goal of serum lipo- 
protein manipulations in coronary artery dis- 


ease, the use of this preparation for that 
disease cannot be recommended without qual- 


ifications 


and should best be reserved for 


patients free of cardiac symptoms. 


2 
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Congenital Communication of a Coronary Artery with a 
Cardiac Chamber or the Pulmonary Trunk 


(“Coronary Artery Fistula”) 


By Henry N. NEvuFELD, M.D., Richarp G. Lester, M.D., Paut Apams, Jr., M.D., 
Ray C. Anperson, M.D., C. Watton LILLEHEI, M.D., AND 
JESSE E. Epwarps, M.D. 


HE COMMUNICATION of a coronary 
.. with a cardiac chamber or the 
pulmonary trunk, although an uncommon 
anomaly, is important for several reasons. 
It enters into the differential diagnosis of 
those conditions associated with a continuous 
precordial among them patent 
ductus arteriosus, aorticopulmonary septal 
defect, ventricular septal defect with aortic 
insufficiency, supravalular pulmonary arte- 
rial stenosis, ruptured aneurysm of an aortic 
sinus, and congenital absence of the pulmo- 
nary valve. Moreover, the anomaly may be- 
come complicated by bacterial infection or 
congestive cardiac failure or both. Ordinarily, 
it is amenable to cure by interruption of the 
fistulous tract. 

In this report we describe six cases observed 
at the University of Minnesota Hospitals 
and compare them with those reported in 
the literature. 

The six patients, three male and three 
female, ranged in age from 17 months to 53 
years (table 1). 

Of the six patients, five underwent surgical 
treatment; all five are living. The sixth pa- 


murmur, 


tient (case IV) did not receive surgical 
therapy; the diagnosis was confirmed at 
necropsy. ‘ 


Pathologic Features 
There are two types of gross communi- 
cation between a artery and a 
From the Departments of Radiology, Pediatrics, 
Surgery, and Pathology, University of Minnesota, 
Minneapolis, Minnesota, and the Department of 
Charles T. Miller Hospital, St. Paul, 


coronary 





Pathology, 
Minnesota. 
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cardiac chamber. 
terized by an intact ventricular septum (or 
a very small ventricular septal defect) and 
atresia either of the pulmonary or the aortic 
valve? Under these circumstances, and in 
the presence of a competent corresponding 
atrioventricular valve, enlarged sinusoids of 
the ventricle proximal to the atretic semi- 
lunar valve penetrate the myocardium. These 
sinusoids converge in or near the epicardium 
to form a single vessel leading from the 
obstructed ventricle. In the epicardium, this 
anomalous vessel joins with the usual branches 
of the coronary arteries. Then, blood from 
the obstructed ventricle is foreed into the 
coronary arteries, which receive this blood 
in addition to their supply from the aorta. 
When pulmonary atresia is present, venous 
blood is therefore delivered to the coronary 
arteries, while when aortic atresia is present, 
blood fully saturated with oxygen is de- 
livered from the left ventricle directly into 
the coronary arteries by way of the channels 
mentioned. 


The first type is charac- 


In all the six cases here reported the 
anomalous coronary arterial communication 
was of the second type. In it a coronary 
artery communicates with a cardiac chamber 
or pulmonary arterial trunk without other 
cardiac malformation, except coincidentally. 
In our six cases the abnormal coronary artery 
was the right in two cases and the left in 
four cases. The sites of termination of the 
coronary artery were as follows: (1) when 
the right artery was involved—right ventricle, 
one case (case 1) and right atrium, one case 
(ease VI); (2) when the left artery was in- 
volved—right atrium, one case (case IV), 
right ventricular cavity, one case (case II), 


Table 1 


Pertinent Findings in Six Cases of Congenital Communication of a Coronary Artery with a Cardiac Chamber 


or Pulmonary Trunk 


Electrocardiogram 


QRS ~ 
axis 





Second sound 


Site of 
termination 


artery 


Coronary 


Hypertrophy 





blood 


Systemic 
pressure 


pulmonic 
area 


Continuous 
murmur 
Gr. ITI 


Systolic 
thrill 


Congestive 
heart 
failure 


Respiratory 
infections 


Age 
(yr.) Sex 


Case 
no. 


Dyspnea 





RV 


Right 


R.V. 


100/60 —170 


Normal 


+-* 


+4++ 


10 


Diast. 


4th LICS 


Overload 


Gr. IIT 
at apex 


area 


RV 


Left 


+ 90° None 


140/80 


5 mo. 


Gr. IIT 


es 


Left 


Left 
Vent. 


+ 60° 


160/100 


Normal 


2-3rd 


4+ 


F 


III 


LICS 


RA 


Left 


Left 


Vent. 


+ 30° 


oS 


™~ 


160/ 


4th LICS 


++ 


M 


3 


4 


IV 


re 


RA 


Left 


+ 90° 


/85 


25 


] 


3rd 


19 


Vv 


Right 


LICS 


ice; RICS, right intercostal space. 


+ 90° 


130/60 


VI 


RA right atrium; RV, right ventricle; PT, pulmonary arterial trunk; LICS, left intercostal sp 





Condition not present. 


, 


*“4.. Condition present. 
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and pulmonary trunk, two eases (cases III 
and IV). 

Existing accounts report various sites of 
anomalous termination of coronary arteries 
(table 2). Although an attempt was made to 
review all reported cases, some may have 
been overlooked. In a total of 50 cases the 
right coronary artery was involved slightly 
more commonly than the left. The sites of 
termination were most often the right atrium 
or a cardiac vein, the right ventricle, and 
the pulmonary trunk. 

A single opening is often described at 
the site of an anomalous connection of a 
coronary artery with a cardiac chamber or 
pulmonary trunk, but sometimes multiple 
connections are noted. In case V, for example, 
we observed three openings into the pulmo- 
nary trunk. 

Characteristically, the coronary artery that 
enters into anomalous communication with a 
eardiac chamber or the pulmonary trunk is 
obviously enlarged, being not only dilated 
but elongated and tortuous. The enlarged 
artery also commonly shows focal saccular 
aneurysms with calcified walls. In one re- 
ported case*® of an abnormal connection 
between a branch of the left coronary artery 
and the right atrium, the vessel did not show 
dilatation. Biorck and Crafoord’s*® case 
showed only a minimal dilatation, as did case 
V in our series.. 

In one of our patients (case I), a segment 
of coronary artery was removed at the time 
of surgical interruption of the fistula to the 
right ventricle. Histologic examination of 
this segment revealed marked thickening of 
the media with prominent muscle bundles 
interspersed with numerous elastic fibers. 
Nonspecific focal fibrous thickening was also 
present (fig. 1). These features are common 
in arteries in any site that lies proximal to 
an arteriovenous communication. 

Embryology 

In early prenatal life, the coronary arteries 
communicate with the veins through a classic 
capillary network ; they also give off branches 
to the intertrabecular spaces that communi- 
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eate with the ventricular cavities. In later 
prenatal life, the intertrabecular spaces 
shrink to form the sinusoids, which represent 
communications between the veins and coro- 
nary arteries, on the one hand, and the 
cardiac chambers on the other.** Abnormally 
large connections of the type here considered 
appear to represent persistence of the large 
intertrabecular spaces, which connect with 
a ventricular cavity, on the one hand, and 
with a coronary artery, on the other. 

A different explanation for anomalous 
communication between a coronary artery 
and the pulmonary trunk exists. This anomaly 
apparently occurs when one or several coro- 
nary arteries arise from the pulmonary trunk. 
The accessory artery or arteries in turn make 
communication with branches of one or both 
normally arising coronary arteries. As flow 
from the high pressure (aortic) area is ear- 
ried into the low pressure (pulmonary). area, 
the communication enlarges. 


Clinical Features 


The natural history of this malformation 
is not well known. In most eases reported 
in the literature the patients reached adult 
life. Only occasionally did death oceur in 
infaney or childhood. 

Symptoms seem to depend upon the mag- 
nitude of the shunt. Among our patients, 
three gave histories of recurrent respiratory 
infections. Congestive cardiac failure was 
observed in two patients (cases III and IV) 
and was the cause of death in one of them 
(case IV). In another patient (case III), 
signs of congestive cardiac failure disap- 
peared after surgical interruption of the 
anomalous channel. 

Some patients may manifest symptoms and 
signs of coronary insufficiency. In case IV, 
the patient was a 43-year-old man whose 
chief complaint was angina. Obviously, in 
this age group it is difficult to determine 
whether angina is related to the malformation 
itself or to concomitant coronary athero- 
sclerosis. In other cases, bacterial infection 
may develop in the abnormal communica- 
tion.17 Steinberg and associates*t reviewed 22 
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Figure 1 
Case I. Photomicrograph of right coronary artery 
proximal to its entrance into the right ventricle. 
Hypertrophy of the media. Numerous elastic fibers 
course between bundles of muscle. The intima 
(above) shows mild nonspecific fibrous thickening. 
Elastic-tissue stain. 


reported cases of coronary arteriovenous fis- 
tula and added one case diagnosed by angio- 
cardiography. In only two cases was death 
directly attributed to the fistula; in the 
others it was due to nonrelated causes. 

In those cases in which the anomalous ter- 
mination is into the left ventricle, only a 
diastolic murmur is anticipated. In eases 
involving the other possible sites of termina- 
tion, a continuous murmur frequently occurs ; 
in fact, it is the most consistent abnormal 
physical sign among reported cases, and was 
noted in all six cases reported here. 

The location of maximal intensity of the 
continuous murmur seems to depend upon the 
site of the abnormal communication, i.e., its 
position usually corresponds with the ana- 
tomic position of the chamber or vessel par- 
ticipating in the anomalous connection. We 
observed the association between a continuous 
murmur and a systolic thrill only in two pa- 
tients (cases I and VI), but this association 
is commonly reported in the literature. The 
second sound at the pulmonic area was accen- 
tuated in all six of our patients and was par- 
ticularly prominent in four (cases II, IV, V, 
and VI). The absence of a murmur in Scott’s 
case** is perhaps explained by the observation 
at necropsy that a thrombus had occluded the 
fistula. 
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Table 2 
Coronary Artery of Origin and Site of Anomalous Termination; 50 Cases Reported 


in this Study and in the Literature 











Cases 

Coronary Site of Per cent Source 
involved termination Number of 50 (by bibliographic number) * 
Right Right atrium or 14 28 a, 4, 5, 8. 7,8, 8.20, 21,18. 

eardiae vein 13, 14, 15, VI 
Right Right ventricle 8 16 16 (4 eases), 17, 13, 18, I 
Right Pulmonary trunk 6 12 19, 20, 21, 22, 23 (ease 2) 24 
Total right All 28 56 
Left Right atrium or 4 8 25, 26, 27 IV 

eardiae vein 
Left Right ventricle 8 16 28, 29, 30, 31, 32, 33, 34 IT 
Left Pulmonary trunk 5 10 24, 35, 36, ITI,? V. 
Left Left atrium 3 6 37, 38, 39 
Left Left ventricle 2 + 40, 41 
Total left All 22 44 
Total left and right 50 100% : 








*Roman numerals indicate case number of cases in this communication. 


tThis case was reported previously“ 


Gasul and associates'® documented with 
phonocardiography their observation that the 
diastolic component of the continuous mur- 
mur was louder than the systolic component 
in patients with fistulas that communicated 
with the right ventricle. This diastolic accen- 
tuation contrasts with the systolic accentua- 
tion usually observed in patent ductus arteri- 
OSUS. 

Electrocardiographic Features 

In anomalous communication between a 
coronary artery and a cardiac chamber or the 
pulmonary trunk, the electrocardiogram may 
show various abnormalities, but no specific 
diagnostic patterns are present. 

Electrocardiograms were obtained for each 
of our six patients. In two cases (cases IIT 
and IV), a pattern of left ventricular over- 
load was observed. One case (case I) showed 
right ventricular diastolic overload, and one 
ease (case VI) showed flattening of the T 
waves in all leads. In the remaining two eases 
no electrocardiographic abnormalities were 
noted. 

The electrocardiographic findings seem to 
depend upon the anatomic situation and as- 
sociated alterations in hemodynamics. If the 
left-to-right shunt is small and insignificant, 
no specific abnormal findings will appear in 





the electrocardiogram. If, however, a wide 
anomalous communication and a large shunt 
exist, signs of left ventricular hypertrophy 
may be found. In ease IV of our group, the 
left-to-right shunt was shown to be more than 
8 liters per minute per square meter of body 
surface and the electrocardiogram revealed 
signs of left ventricular overwork. In cases in 
which the coronary artery is anomalously con- 
nected with the right atrium, both left ven- 
tricular hypertrophy and right ventricular 
volume overload pattern may occur, as in the 
case reported by Edwards and associates.* 

Quite apart from shunts potentially affect- 
ing the electrocardiogram, the possibility of 
alterations resulting from associated myocar- 
dial ischemia should be considered. Usually 
no such alterations are present, however. In 
ease IV of our series, although the patient 
presented a history of anginal pain, electro- 
cardiogram did not reveal changes in the 
ST-T segments. 

In one case reported by Colbeck and Shaw,” 
involving anomalous communication between 
the right coronary artery and right atrium in 
an 80-year-old man, the electrocardiogram 
showed atrial fibrillation left bundle- 
branch block. At necropsy the heart weighed 
554 Gm., and left ventricular hypertrophy 


and 
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Table 3 
Synopsis of Cardiac Catheterization Data in Four Cases in Uhis Study 
Right Right Pulmonary Peripheral Left-to- 
atrium ventricle artery artery right shunt 
Oxygen 
Oxygen Oxygen Oxygen _ saturation 
Pressure (vol. Pressure (vol. Pressure (vol. (vol. (L./min. 
Case no. (mm. Hg) per cent) (mm. Hg) percent) (mm. Hg) percent) percent) /M.2 
I 4/2 10.36 50/0 12.39* 20/5 12.13 16.57 1.3 
IT 7/2 7.69 50/0 12.36* 50/27 11.48 14.58 
(4) 
lil 8/2 12.60 20/0 12.08 16/4 13.76* TET 0.6 
IV 10/4 19.66* 19/2 18.98 
(8) (SVC=16.6) 25/12 19.87 21.74 8.7 


*Indicates anatomically identified site of anomalous termination of a coronary artery 


(SVC = Superior Vena Cava) 


and dilatation were noted. The important 
functional disturbance of this condition is the 
run-off of blood from the coronary arterial 
system similar to that in other arteries that 
lie proximal to arteriovenous or arteriove- 
nous-like fistulas. Consequently, when a coro- 
nary artery communicates with a right-sided 
cardiac chamber, cardiac catheterization may 
reveal high oxygen saturation of the blood in 
that chamber receiving blood from the coro- 
nary fistula. When the abnormal vessel com- 
municates with the left side of the heart, no 
abnormality in oxygen saturation occurs. 

Hemodynamic studies were performed in 
four of our six cases. A summary of the ob- 
servations is shown in table 3. In each ease an 
increase in oxygen saturation was detected in 
the chamber or vessel receiving the abnormal 
communication (right atrium, one ease; right 
ventricle, two cases; pulmonary trunk, one 
ease). Calculated shunts varied from a mini- 
mum of 0.6 to 8.7 liters per minute per square 
meter of body surface. A similarly high value 
for a left-to-right shunt was obtained in one 
of Gasul’s cases.1° Pulmonary arterial and 
right-sided intracardiac pressures were within 
normal limits in two eases. 

In the anomaly under discussion, diversion 
of aortic blood into the coronary system is 
greater than normal. In the normal eases 
about 10 per cent of aortic blood flows into 
the coronary arterial system, but in patients 
with this malformation more than half the 
aortic blood may be diverted into the abnor- 
mal coronary artery. Most of this blood is not 
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directed into the myocardial capillaries, which 
constitute a zone of high resistance; instead, 
the major part of the blood is directed 
through the low-resistance channel, the anom- 
alous eommunieation. In addition, blood from 
the other coronary artery may be diverted 
through intercoronary anastomoses to the fis- 
tula. Thus, for example, in a case in which 
the right coronary artery connects anoma- 
lously with a cardiac chamber, the myocar- 
dium in the distribution of the left coronary 
artery may be ischemic from the diversion of 
blood toward the fistula. 

Hemodynamic studies may readily permit 
the identification of the site of anomalous 
communication of a coronary artery with a 
right-sided chamber or the pulmonary trunk. 
They do not, however, reveal the anatomic 
basis for the shunt. Ruptured aneurysm of an 
aortic sinus, ventricular septal defect with 
aortic insufficiency, and aorticopulmonary 
communications—all these may yield findings 
similar to those observed in anomalous com- 
munication of a coronary artery with a right- 
sided cardiac chamber or the pulmonary 
trunk. Precise anatomic diagnosis requires se- 
lective aortography. 

In Mozen’s ease,** in which the fistual com- 
municated with the left atrium, the findings 
of catheterization of the right side of the heart 
were normal. 


Roentgenographic Features 
Roentgenographic examination of the tho- 
rax revealed moderate to severe cardiomegaly 


Figure 2 

Case II. Thoracic roentgenograms. Left. Postero- 
anterior view. Right. Lateral view. In this case, 
the left coronary artery communicated anoma- 
lously with the right ventricular chamber. There 
are cardiomegaly, prominence of pulmonary ar- 
terial shadow, prominence of the aortic knob, and 
a suggestion of increased vascularity of the lungs. 
The left-to-right shunt measured 1.3 liters per 
minute per square meter of body surface area. 


in four cases (cases IT, III, IV, and V. fig. 2). 
In the two remaining patients (cases I and 
VI), the size of the cardiae shadow was within 
normal limits. The pulmondry arterial seg- 
ment was prominent in all cases, and the 
peripheral pulmonary arterial vasculature was 
moderately to markedly increased in all but 
one patient (case VI). 

The aortic knob was prominent in all cases. 
From conventional films, one cannot distin- 
guish the findings in this anomaly from those 
in other conditions in which left-to-right 
shunts and continuous machinery murmurs 
occur. In general, the roentgenographic ap- 
pearance seems to depend on the hemody- 
namic alterations of the particular case. 

Gasul and associates,1® summarized the 
roentgenographic findings in 28 cases, includ- 
ing five of their own. In nine cases these were 
considered to be normal ; in the other 19 cases, 
the common findings were enlargement of the 
left ventricle, dilatation of the pulmonary ar- 
terial segment, and prominence of the pulmo- 
nary vasculature. 

Although retrograde aortography by means 
of an injection through a radial artery is a 
time-honored procedure for diagnosing patent 
ductus arteriosus, it is very often unsatisfac- 
tory for diagnosing lesions originating in the 
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Figure 3 
Case I. Selective aortograms made into the origin 
of the aorta. A wide tortuous right coronary ar- 
tery courses along the surface of the heart. Left. 
Anteroposterior view. Right. Lateral view. Al- 
though the enlarged right coronary artery com- 
municated anomalously with the right ventricular 
chamber, the radiopaque material*is not identified 
in the right ventricle at this stage of examination. 


ascending aorta; these lesions include: anom- 
alous communication of a coronary artery 
with a cardiac chamber or the pulmonary 
trunk, aorticopulmonary septal defect, per- 
sistent truncus arteriosus, or ruptured aneu- 
rysm of an aortic sinus of Valsalva. 

In most cases, opaque material reaching the 
arch of the aorta by way of a retrograde in- 
jection follows the flow of blood in the aorta 
distally into the descending aorta. Thus the 
entire ascending aorta, including its sinuses, 
is usually not satisfactorily visualized by this 
method. This phenomenon was well demon- 
strated in one of our patients when two retro- 
grade aortograms failed to demonstrate the 
anomalous termination of a coronary artery. 

We prefer to use selective aortography, a 
procedure in which radiopaque material is in- 
jected into the base of the aorta through a 
catheter. Selective aortography was _per- 
formed in three cases (cases I, II, and III): 
In case I, the aorta was shown to be dilated 
and densely opacified (fig. 3). The right coro- 
nary artery, which was unusually dilated, 
measured approximately 114 to 2 em. in di- 
ameter. Multiple saccular aneurysms were 
seen along the course of the anomalous vessel. 
Sequential filling of the right ventricle and 
pulmonary artery was observed following 
demonstration of anomalous communication 
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Figure 4 


Case II, Selective aortograms made into the origin of the aorta. Left. There is filling of 
a wide and tortuous left coronary artery as well as entrance of radiopaque material into 
the right ventricular cavity. Center. Anteroposterior view made 3 seconds after that 
shown in left and 11 seconds after injection; it reveals that the radiopaque material seen 
in the right ventricle has now passed into the pulmonary arteries. Right. Lateral view 
made at the time of exposure seen in center. Opacified material is observed in the pulmo- 
nary arteries and some is still present in the right ventricle. 


of the right coronary artery with the right 
ventricle. 

In ease IT (fig. 4), a large, tortuous, irreg- 
ularly dilated vessel arising above the left 
aortic sinus became apparent immediately 
after filling of the aortic sinuses. This channel 
progressed to the left and passed downward 
in the region of the anterior interventricular 
groove. Filling of this channel was followed 
by opacification of the right ventricular cham- 
ber and then of the pulmonary artery in nor- 
mal sequence. 

In ease ITI, opacification of the left coro- 
nary artery was followed by filling of the 
main pulmonary artery, without opacification 
of the right ventricle. 


Summary 

Anatomic, clinical, hemodynamic, and 
roentgenographiec findings in six patients with 
congenital communication of a coronary ar- 
tery with a cardiac chamber or the pulmonary 
trunk are presented. The literature is re- 
viewed. 

A coronary artery may communicate anom- 
alously with any of the cardiac chambers, 
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more commonly with those on the right side. 
In the six cases presented, the right coronary 
artery communicated with the right atrium 
in one case and with the right ventricle in an- 
other. The left coronary artery communicated 
with the right atrium and right ventricle in 
one case each, and with the pulmonary trunk 
in two cases. 

The most striking feature observed elini- 
cally was a continuous murmur. If a contin- 
uous murmur is localized in an area atypical 
for patent ductus arteriosus, the diagnosis 
should be suspected. Conventional roentgeno- 
graphic and_ electrocardiographie studies 
yielded no specific diagnostic features. The 
results of cardiac catheterization may reveal 
a left-to-right shunt, but they are diagnosti- 
eally useful only when correlated with clinical 
findings. 

The only precise method of demonstrating 
the abnormality is by means of selective aor- 
tography performed by injecting medium into 
the very origin of the aorta. 

Cure is possible by surgical interruption of 
the fistulous tract. 
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On Permanent Patency of the Mouth of the Aorta, 
or Inadequacy of the Aortic Valves 
By Dominic JoHN CorriGan, M.D. 
One of the Physicians to the Charitable Infirmary, Jervis Street, Dublin; Lecturer 
on the Theory and Practice of Medicine; Consulting Physician to St. Patrick’s College, 


Maynooth. 


... From its singular and striking appearance, the name of visible pulsation is given to 
this beating of the arteries. It is accompanied with bruit de soufflet in the ascending aorta, 
earotids, and subelavians; and in the earotids and subclavians, where they can be examined 
by the finger, there is felt fremissement, or the peculiar rushing thrill, accompanying with 
bruit de soufflet each diastole of these vessels. These three signs are so intimately 
connected with the pathological causes of the disease, and arise so directly from the 
mechanical inadequacy of the valves, that they afford unerring indications of the nature 


of the disease. 


The Mechanism of Respiratory Variation in 
Splitting of the Second Heart Sound 


By Ropert F. Caste, M.D., AnD KENNETH L. JONEs, B.A. 


ANY RECENT reports have stressed 

the importance of auscultatory analysis 
of the second heart sound as a part of routine 
cardiac evaluation. In spite of recognized 
changes in the second sound, which occur in 
a variety of disease states, there is still dis- 
agreement concerning the mechanism of nor- 
mal respiratory splitting of the second 
sound.? 2 

Normal inspiratory splitting of the second 
heart sound was first described by Potain 
nearly a century ago.* It is only in the last 
decade, however, that this has become widely 
recognized as a physiologic finding in both 
adults and children.® The first component of 
the second sound represents aortic valve 
closure and is transmitted over the entire pre- 
cordium. It normally represents the only por- 
tion of the second sound heard at the apex 
and primary aortic area.* The second or pul- 
monic component of the second sound is best 
heard over the pulmonic area and is trans- 
mitted to a limited extent along the left ster- 
nal border, but not to the apex or primary 
aortic area. Thus, the optimum location for 
clinical and phonocardiographie study of 
physiologic splitting is over the pulmonic 
area, 

That splitting of the second heart sound 
represents asynchronous closure of the aortic 
and pulmonary valves can be illustrated in 
several ways. Leatham’ recorded the heart 
sounds simultaneously at the apex and pul- 
monie areas and clearly showed the coinci- 
dence of aortic closure with the first compo- 
nent of the second sound and pulmonic closure 
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with the second. Taking into account the 
delay in carotid pulse transmission, Perloff 
and Harvey! demonstrated the synchronism 
of the first and second components of the sec- 
ond sound with the dicrotic notches of the 
carotid and pulmonary arterial pulses, re- 
spectively. Moreover, using intracardiae pho- 
nocardiographic Rogers et al.§ 
noted that the second component disappeared 
on removal of the pulmonary valve. 

Normal respiratory variation is character- 
ized by increased splitting in inspiration and 
approximation, or even fusion, of the two com- 
ponents during expiration. The usual expla- 
nation attributes inspiratory splitting solely 
to delayed pulmonic closure resulting from 
the increased stroke volume and lengthened 
ejection time of the right ventricle in this 
phase of respiration.!:* ° 1° This is a conse- 
quence of augmented right-sided filling see- 
ondary to the increase in negative intratho- 


technics. 






INFLUENCE OF RESPIRATION ON CIRCULATION (SCHEMATIC) 








| INSPIRATION EXPIRATION | 


INTRATHORACIC PRESSURE | 


MEAN 


SYSTOLIC 
“NET” PULMONARY 
ARTERIAL PRESSURE 


DIASTOLIC 
poe VENTRICULAR STROKE VOLUME 
RIGHT VENTRICULAR STROKE VOLUME 


‘~~ —— VOLUME OF BLOOD IN PULMONARY VESSELS 


Figure 1 
Diagram illustrating the influence of respiration on 
“net” pulmonary pressure, left and right ventricu- 
lar stroke volumes, and the volume of blood in the 
pulmonary vessels. (Reproduced with permission 
of the publishers and the authors. Lauson, H. D., 
Bloomfield, R. A., and Cournand, A.: The in- 
fluence of respiration on the circulation in man; 
with special reference to pressures in right auricle, 
right ventricle, femoral artery 
veins. Am. J. Med. 1: 315, 1946.) 


and peripheral 
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Figure 2 
Representative phonocardiogram recorded over pulmonic area. Inspiratory and expiratory 


“R-A,” and “R-P,” values are shown. 


nearest .005 second. 


racie pressure accompahying inspiration. 
Leatham® has raised the possibility that a 
decrease in pulmonary artery pressure in in- 
spiration may also be a factor in the delay 
in pulmonary valve closure.* He _ believes, 
however, that the inspiratory increase in right 
ventricular output is more important. Recent 
work by Boyer and Chisholm? has indicated 
that expiratory lengthening of left ventricu- 
lar systole also contributes to respiratory 
variation in second sound splitting. This view 
has not achieved general acceptance. 


Methods and Materials 

In order to study the mechanism of physiologic 
splitting, phonocardiograms were obtained from 
80 normal children ranging in age from 5 to 15 
years. Phonocardiograms were made on all pa- 
tients while at rest and in the recumbent position. 
A Sanborn Twin-Beam apparatus with the stan- 
dard dynamic microphone and a paper speed of 
75 mm. per second was employed. Tracings were 
obtained over the pulmonic area with both the 
medium-sized (3.8 em.) bell and the black dia- 
phragm. A simultaneous electrocardiogram, lead 
I, was recorded for timing purposes. All tracings 
were made as the subject respired normally. An 
operator marked the tracing during each inspira- 
tory portion of the respiratory cycle. Twelve of 
the 80 tracings were discarded because of a lack 
of clarity of one or both of the components of the 


*This refers to a decrease in pulmonary artery 
pressure as measured against a constant baseline of 
atmospheric pressure. Effective (‘‘net’’) pulmonary 
artery pressure or intravascular minus intrathoracic 
pressure increases during inspiration (fig. 1). 
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Individual measurements are shown to the 


second sound. The 68 others were deemed satis- 
factory for analysis. In all but eight of these, 
the tracings obtained with the diaphragm end piece 
were analyzed. 

With the tip of the R wave of the electro- 
cardiogram as a constant point of reference, the 
time intervals between the R wave and the first 
and second components of the second sound were 
measured to the nearest .005 second (fig. 2). In 
each subject five cardiac cycles occurring at the 
peak of normal inspiration and five at the peak 
of normal expiration were measured. An average 
“R-A,” and “R-P,” interval was then obtained 
during normal inspiration and expiration. The 
contribution of the movement of each component 
of the second sound to respiratory splitting was 
then assessed. 

With a paper speed of 75 mm. per second, one 
can measure individual intervals confidently only 
to the nearest .005 second (.375 mm.). For each 
subject five separate “R-A,” and “R-P.” measure- 
ments were averaged and then expressed to the 
nearest .001 second. In the text and figures all 
intervals expressed to the thousandths of a second 
are mean values and should not be interpreted as 
indicating that individual measurements of this 
accuracy can be attained with this method. 


Results 

The results of the analysis of these data 
are presented in figures 3 and 4 and show that 
a significant contribution to inspiratory split- 
ting is made by earlier aortic valve closure. 
The movement of ‘‘A»’’ ranged from zero to 
.016 second, with an average of .007 second 
(S.D. = .004 second). Its movement contrib- 
uted an average of 35 per cent (S.D. = 17 
per cent) to the difference between the split- 
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Figure 3 
Schematic representation of respiratory variation in splitting of the second sound } 
showing the average measurements found in this series of normal children. Note the 
contribution of earlier aortic closure to inspiratory splitting. 
ting interval in inspiration and expiration and hence slightly earlier closure of the aor- 
(fig. 5). During normal respiration we found tic valve. On the other hand, as expiration 
an average expiratory splitting of .020 second begins, the pulmonary vasculature recoils,’ 
(S.D. = .008 second) with a range of from thus increasing pulmonary venous return and 
.009 to .039 second. In inspiration, splitting augmenting left ventricular stroke volume 
averaged .040 second (S.D. = .009 second) (fig. 1) and ejection time.* 
with a range of from .020 to .063 second. Maximal splitting is noted at the peak of 
: : inspiration® and corresponds to that phase 
Discussion f - 7 ' I hict = I | 
> ae . . . of the respiratory cycle in which right ven- 
Our findings are in agreement with those of : I es = : ; 
ta 12. 2: a . tricular stroke volume is greatest and left- ' 
Boyer and Chisholm? in demonstrating a sig- ded ? a8 fic 1 j 
“2 . ° . . . sided output is relatively low (fig. 1). j 
nificant contribution of earlier aortic valve I . (ig 
closure to inspiratory splitting of the second *Since this article was submitted for publication, ' 
heart sound. Shafter (Am. J. Cardiol. 6: 1013, 1960) has reported ‘ 
; 


Lauson et al.,!’ Wiggers,'? and Williams 
and Gropper™ maintained that during in- 
spiration an increase in pulmonary vascular 
capacity greater than that needed to accommo- 
date the increased right heart output occurs. 


As a consequence, in inspiration pulmonary 
venous return to the left heart is decreased. 
This is associated with a transient fall in left- 
sided output (fig. 1) and an accompanying 
shortening of left ventricular ejection time 





on a study of the respiratory variation in splitting 
of the second sound. He suggested another expla- 
nation for the expiratory increase in left ventricular 
stroke volume, noting that there was some evidence 
that 
capacity did not occur. He pointed out that the aug- 


expiratory decrease in pulmonary vascular 


mented inspiratory right heart requires a 
reach the left Thus, the 


apparent expiratory prolongation of left ventricular 


output 
few seconds to heart. 
systole may be merely coincidental, reflecting instead 
the delayed effect of the augmented right heart out- 
put of the preceding inspiratory eycle. 
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Figure 4 


Histogram showing variation in splitting interval 
with normal respiration. Note that in 51 of 68 


subjects splitting variation ranged between .015 
and .025 second. 


It is not unexpected that the aortie com- 
ponent of the second sound shows less move- 
ment than the pulmonic. Shuler et al. '* and 
Dupee and Johnson!® suggested that a three- 
fold inspiratory increase in right ventricular 
stroke volume may occur but that expiratory 
augmentation of left-sided output does not 
exceed 50 per cent. These large fluctuations, 
however, were noted under artificial experi- 
mental conditions. We believe that the data 
of Lauson et al., showing a 25 per cent inspi- 
mental condition. We believe that the data of 
Lauson et al., showing a 25 per cent inspira- 
tory increase in right ventricular stroke vol- 
ume and a7 per cent expiratory increase in 
left ventricular stroke volume, more closely 
reflect the situation in the human subject. The 
greater respiratory variation in right-sided 
volumes probably reflects the inherent greater 
distensibility of the right ventricle.4* In addi- 
tion, the large capillary volume of the lungs 
represents an effective buffering reservoir 
that tends to prevent sudden extreme changes 
in the pulmonary venous return.'® 

The distinction of pathologie from physio- 
logic splitting of the second sound is not 
always simple. The auditory threshold for the 
clinical recognition of splitting approximates 
.02 second.'8 Thus, in many normal subjects 
the second sound is appreciated as split, al- 
though usually variably so, throughout the 
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Figure 5 


Scatter diagram showing contribution of movement 
of aortic valve closure to total variation in split- 
ting of second sound. The slope (.35) indicates an 
average contribution of 35 per cent. 


respiratory cycle. Moreover, a recent report 
has shown that some individuals exhibit a 
widely and nearly constantly split second 
sound while in the supine position.'® When 
upright, however, these patients demonstrate 
the expected respiratory variation in split- 
ting. These observations suggest that further 
phonocardiographic studies of a normal pop- 
ulation with respect to positional changes in 
splitting of the second sound would be of 
value. 

Analysis of the second sound is of impor- 
tance in the evaluation of patients with a vari- 
ety of congenital and acquired cardiac 
diseases. Changes include abnormally wide 
splitting on a ‘‘mechanical’’ basis (e.g., atrial 
septal defect, pulmonic stenosis, ventricular 
septal defect, mitral regurgitation) or on an 
‘‘electrical’’ basis (complete right bundle- 
branch block).2° On the other hand, abnor- 
mally narrow or reversed splitting also oc- 
eurs. The ‘‘mechanical’’ type is noted in 
patent ductus arteriosus"! and aortic steno- 
sis?® whereas the ‘‘electrical’’ variety is pres- 
ent in complete left bundle-branch block.?° 

A common clinical situation in which 
knowledge of normal splitting of the second 
sound is particularly useful is in distinguish- 
ing the patient with an atrial septal defect 
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from the patient with an innocent pulmonic 
ejection murmur. In the vast majority of 
patients with a hemodynamically significant 
atrial defect wide and constant splitting (.04 
second or more) of the second heart sound is 
present. 
Summary 
This study of 68 normal children has shown 
that in the supine position and under condi- 
tions of normal respiration splitting of the 
second sound averages .02 second in expira- 
tion and .04 second in inspiration. Inspiratory 
increase in splitting of the second sound is 
the result not only of a delay in pulmonic 
valve closure but also of earlier aortic closure. 
Movement of the aortic component is respon- 
sible, on the average, for 35 per cent of the 
difference in splitting of the second sound in 
inspiration and expiration. 
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The Pulmonary Vessels in Incipient Left 





Ventricular Decompensation 


Radiologic Observations 


By Morris Srwon, M.D. 


HE APPEARANCE of clinical symp- 
toms in a patient with an overloaded or 
weakened left ventricle generally provides 
the earliest evidence that the compensating 
cardiac mechanisms are no longer able to cope 
with normal physiologic demands.' If, how- 
ever, clinical signs and symptoms appear only 
after a certain level or duration of left ven- 
tricular decompensation, then the asympto- 
matic, apparently compensated patients must 
include some in what might be termed ‘‘incip- 
ient’’ left ventricular decompensation.” ? It 
might be important to recognize such patients 
as an intermediate group; they may readily 
regress into the symptomatic group, or alter- 
natively the symptoms might be anticipated 
or even prevented by appropriate therapy. 
The radiologist may contribute in this area 
by detecting objective evidence of left ven- 
tricular decompensation before clinical symp- 
toms have appeared. Characteristic changes 
in the pulmonary vascular pattern are seen 
on the plain chest roentgenogram. 


Radiologic Findings 

Normal 

Before consideration of these changes, it is 
helpful to review some of the normal radio- 
logic features of the pulmonary vasculature 
(fig. 1).4® The pulmonary arteries diverge 
from the hilus well above the point at which 
the veins converge on the left atrium, at least 
3 or 4 em. in the adult. Thus, in the mid and 
lower zones of the lungs the direction of a 





From the Department of Radiology, Beth Israel 
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Based on a paper presented to the New England 
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vessel helps identify it as artery or vein. In 
the upper zones, the arteries and veins run 
in the same direction but the vein lies lateral 
to its corresponding artery. The main upper- 
lobe veins may be seen to cross the main pul- 
monary artery at an angle inconsistent with 
entry into it. In the normal person the upper- 
lobe vessels, both veins and arteries, are sub- 
stantially smaller than those in the lower lobe. 
This normal disparity is due to the conical 
shape of the lung with the lower-lobe vessels 
subserving a greater volume of tissue. 

This normal vascular pattern is encountered 
in some patients with left ventricular disease, 
but almost invariably without symptoms of 
left ventricular decompensation (fig. 2). They 
are thus well compensated by both clinical 
and radiologie eriteria. 

Pattern of Overt Left Ventricular Decompensation 

Practically all our patients with clinical 
evidence of left ventricular decompensation 
observed in the last 5 years have shown, with 
greater or lesser clarity, a characteristic 
change in the pulmonary vascular pattern 
(fig. 3).4 In the upper zones the pulmonary 
veins undergo marked dilatation and the pul- 
monary arteries also dilate slightly. In the 
lower zones, paradoxically, the veins and ar- 
teries do not dilate and in many cases show 
clear-cut evidence of narrowing. They may be 
difficult to identify, contrasting markedly 
with their normal ready visibility and good 
caliber. An absolute change of caliber of sin- 
gle vessels is usually clearly detectable, but 
the disparity between the dilated upper ves- 
sels and relatively narrowed lower-zone 
vessels is more striking. It should not be for- 
gotten that normally the upper-zone vessels 








Figure 1 
Normal pulmonary vascular pattern. The upper- 
lobe vessels are substantially smaller than those in 
the lower lobe. In the diagram the left hilar ves- 
sels are drawn with the arteries light and the veins 
dark. 


are actually smaller than those in the lower 
zones. 

In the more severely decompensated cases, 
vascular detail may be partly obscured by 
pulmonary edema. This may be predomi- 
nantly interstitial, causing a diffuse faint 
haziness at the lung bases occasionally with 
the appearance of septal lines of Kerley,*: 71° 
or may be true alveolar edema with scattered 
irregular areas of consolidation progressing 
to the classic ‘‘butterfly’’ pattern of consoli- 
dation.®» 18 Pleural effusions may occur 
with accentuation of the interlobar fissures. 
The cardiac silhouette may show a rapid en- 
largement. Such patients are invariably symp- 
tomatic, however, and the diagnosis of left 
ventricular failure is seldom in doubt (fig. 
4). 

Pattern of Incipient Left Ventricular Failure 

Many patients without symptoms of left 
ventricular decompensation, though fre- 
quently with a history, previous clinical doc- 
umentation, or radiologic evidence of left ven- 
tricular disease, have the typical vascular 
pattern of left ventricular decompensation. 
The roentgen examination shows dilated 
upper-lobe vessels and narrowed lower-lobe 
vessels. 

Are these changes due to 


ce 


incipient’’ left 


ventricular decompensation? Several findings 
obtained favor this possibility: 1. A prolonged 
circulation time has been demonstrated in 
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Figure 2 
Normal pulmonary vascular pattern in patient 
with fully compensated aortic stenosis and sub- 
stantial left ventricular enlargement. 


some cases, a few returning to normal values 
after treatment. 2. Rapid and _ significant 
weight loss in response to diuretic therapy has 
occurred in a number of such symptomless 
patients. 3. In a few patients effectively 
treated by diuretics, the pulmonary vascular 
pattern has returned to normal. 4. The con- 
cept has sometimes been tested in less fortu- 
nate manner. The typical observations on pre- 
operative films have been ignored on occasion, 
and two such cases developed pulmonary 
edema during surgery. Occasionally, patients 
presenting with pneumonia or pulmonary em- 
bolism may have an unsuspected component 
of left ventricular failure, possibly precipi- 
tated by the infection or embolism. In these 
cases the radiologist may observe the dilata- 
tion of the upper-lobe vessels and constriction 
of the lower-lobe vessels, in addition to the 
focal lesion, and is thus able to amplify the 
diagnosis, leading to better therapy. In one 
case with lobar pneumonia, the consolidation 
responded poorly for approximately 10 days 
until the decompensation was treated, after 
which resolution was dramatic (fig. 5). 


Circulation, Volume XXIV, August 1961 





i” 


ee 











RES 


ai 


PULMONARY VESSELS IN DECOMPENSATION 





Figure 3 
Pulmonary vascular pattern in left ventricular 
failure. There is a marked disparity between the 
dilated upper-lobe vessels and the relatively nar- 
rowed lower-zone vessels. 


The vascular pattern of left ventricular de- 
compensation, whether clinically overt or in- 
cipient, is sometimes a transient phenomenon, 
returning rapidly to normal with effective 
treatment. More commonly, however, the vas- 
cular changes are persistent. It is possible 
that such individuals may be incapable of 
regaining complete physiologic compensation 
and remain in a chronic state of ‘‘ineipient’’ 
decompensation. 

The widely held concept that the venous 
overdistention in left ventricular failure is a 
passive manifestation of damming back of 
blood, or elevation of the pulmonary venous 
pressure, fails, to account for the decreased 
caliber of the vessel in the lower zones. In 
1956, the writer proposed an alternative hy- 
pothesis to explain a similar pulmonary vas- 
cular pattern in patients with mitral steno- 
sist 1416 and suggested its applicability in 
left ventricular failure (fig. 6) : 

1. In the erect position of man, since the 
veins of the upper and lower lobes communi- 
cate freely via the left atrium, the pressure 
in the lower-lobe veins is normally substan- 
tially greater than in the upper-lobe veins be- 
cause of the difference of hydrostatic level 
between them. 

2. A significant rise in pulmonary venous 
pressure, almost invariable in mitral stenosis, 
is probably also an early effect of left ven- 
tricular decompensation.” 14 

3. There is reasonable evidence to postulate 
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Figure 4 
Pulmonary edema in overt left ventricular decom- 
pensation. The lower-lobe vessels are obscured. 





Figure 5 
Left ventricular decompensation associated with 
pneumonia of the middle lobe. 


a localized segmental reflex, initiated by a rise 
of pulmonary venous pressure above a crit- 
ical level, that results in constriction of the 
veins and arteries in that particular lung 
segment. 

4. In left ventricular failure the rising ve- 
nous pressure reaches this critical level in the 
lower zones long before it does in the upper 
zones. Vasoconstriction thus occurs initially 
in the lower zones, reducing the circulating 
volume through them. 
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Figure 6 
Hemodynamic hypothesis to account for the vas- 
cular pattern of left ventricular decompensation. 


5. Cardiae output is maintained by diver- 
sion of blood through the upper zones. Thus, 
the vascular dilatation in the upper lobes rep- 
resents increased blood flow and is not due 
to ‘‘damming back’’ or ‘‘congestion’’ of the 


blood. 


It is tempting to speculate on the mecha- 
nism of orthopnea on the basis of this hypoth- 
esis. In the upright position the vasoconstric- 
tive phenomena are confined to the lower 
zones and cardiae output is maintained by in- 
creased flow through the upper zones. In the 
horizontal position, the pressures in the veins 
of the upper and lower zones are equalized at 
intermediate values. In the less severe cases, 
the pressures might still be generally below 
the critical level and the horizontal position 
would thus be tolerated. In more severe cases 
the critical level would be widely exceeded 
and generalized reflex vasoconstriction would 
occur with rapid restriction of blood flow 
through the lungs. The resulting oxygen lack 
would in turn stimulate respiratory efforts. 


Much of the evidence in support of the 
vasoconstrictive reflex hypothesis is derived 
from prior studies on cases of mitral stenosis 
in which the elevation of pulmonary venous 
pressure is slowly progressive and catheteri- 
zation data were available.* 1 From these 
studies it would appear that the critical ve- 
nous pressure at which vasoconstriction oc- 


SIMON 





Figure 7 
Pulmonary angiography in cardiac decompensation 
due to primary myocardial disease. Left. Arterial 
phase. There is slight dilatation of the upper-lobe 
arteries and marked constriction of the lower-lobe 
arteries. A capillary blush appears early in the 
upper lobe. Right. Venous phase. The upper-lobe 
veins are greatly dilated and show early filling. 
The lower-lobe veins are barely visible. The con- 
trast medium lingers in the constricted lower-zone 
arteries, indicating retardation of flow. (By cour- 
tesy of Drs. E. D. Neuhauser, Children’s Medical 
Center, Boston and the Journal of the Canadian 
Association of Radiologists.18 


eurs is of the order of 10 to 15 mm. of mer- 
eury (normal, 0 to 5 mm.)?" 

Angiograms (fig. 7) in a 7-year-old boy in 
congestive cardiac failure due to primary 
myocardial disease, with elevated wedge pres- 
sure at 25 mm. of mereury, provide convinc- 
ing support for the hypothesis. In the early 
film (fig. 7, left) there is slight dilatation of 
the upper-zone arteries and marked constric- 
tion of the lower-zone arteries. In the later 
film (fig. 7, right) there is gross dilatation of 
the upper-zone veins whereas the lower-zone 
veins are barely visualized and are undoubt- 
edly constricted. 


Flow through the lower zone is greatly 
retarded while the relative rate of flow 
through the upper zone is greatly increased. 
Thus, the contrast medium outlines the great 
upper-lobe veins and passes into the left 
atrium via the superior orifice, long before it 
has even negotiated the constricted lower-zone 
arteries. This supports the concept that the 
vascular dilatation in the upper zone is due 
to diversion of blood from the lower zone, 
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Figure 8 
Severe emphysema without failure (left) and com- 
plicated by left ventricular failure (right). The 
lower-zone vessels have dilated as well as the 
upper-zone vessels, representing an exception to 
the general rule. 


probably with locally increased flow, and not 
due directly to a damming back of blood. 

An exception to the typical vessel pattern 
in left ventricular failure occurs in patients 
with severe pulmonary emphysema or chronic 
bronchitis (fig. 8). In these cases both the 
lower-lobe vessels and the upper-lobe vessels 
appear to become dilated, simulating the gen- 
eralized dilatation of pulmonary vessels seen 
in cases of left-to-right shunt with increased 
flow through the lungs. The explanation is 
uncertain and may be related to shunting of 
blood through overdeveloped bronchial col- 
lateral vessels or failure of the postulated re- 
flex vasoconstriction mechanism. 

The pattern of vascular dilatation in the 
upper zones and constriction in the lower 
zones characterizes other causes of pulmonary 
venous hypertension, e.g., mitral stenosis, left 
atrial tumors, and some cases of pericardial 
effusion.*: 14-18 

It may also sometimes be seen in cases of 
basal bronchiectasis or basal emphysema with- 
out pulmonary venous hypertension in which 
pulmonary circulation in the lower lobes is 
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reduced by the local parenchymal disease, and 
for this reason blood becomes diverted through 
the upper lobe vessels.* 


Conclusion 
An awareness of the typical pulmonary vas- 
cular pattern associated with left ventricular 
decompensation may facilitate early diagnosis 
of this condition, not infrequently before 
symptoms have appeared. In such cases the 
symptoms may be anticipated or prevented 

by appropriate treatment. 


Summary 

Dilatation of the pulmonary vessels of the 
upper zones and constriction of the vessels of 
the lower zones characterizes left ventricular 
decompensation. 

These changes may precede the onset of 
clinical symptoms providing a useful warning 
sign of impending danger. 

A hypothesis is suggested to account for 
the non-uniform vessel pattern. 

An exception is noted in patients with se- 
vere emphysema or bronchitis in whom gener- 
alized dilatation may occur. 
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The Idea of Chemical Transmission of Nervous Impulse ~ 

Now I have to turn to the best known of my scientifie achievements, the establishment 
in 1921 of the chemical theory of the transmission of the nervous impulse. Until 1921 
it was generally assumed that transmission was due to the direct spreading of the elec- 
trical wave accompanying the propagated nervous impulse from the nerve terminal to 
the effector organ. Since the character of that potential is everywhere the same, such 
an assumption would not explain the well-known fact that the stimulation of certain 
nerves increases the function of one organ and decreases the function of another. A 
different mode of transmission had, therefore, to be considered. 

As far back as 1903, I discussed with Walter M. Fletcher from Cambridge, England, 


then an associate in Marburg 


2, the fact that certain drugs mimic the augmentary as 


well as the inhibitory effects of the stimulation of sympathetic and/or parasympathetic 
nerves on their effector organs. During this discussion, the idea occurred to me that 
the terminals of those nerves might contain chemicals, that stimulation might liberate 
them from the nerve terminals, and that these chemicals might in turn transmit the 
nervous impulse to their respective effector organs. At that time I did not see a way 
to prove the correctness of this hunch, and it entirely slipped my conscious memory 


until it emerged again in 1920. 


The night before Easter Sunday of that year I awoke, turned on the light, and jotted 
down a few notes on a tiny slip of thin paper. Then I fell asleep again. It occurred 
to me at six o’clock in the morning that during the night I had written down something 
most important, but I was unable to decipher the scrawl. The next night at three o’clock, 
the idea returned. It was the design of an experiment to determine whether or not the 
hypothesis of chemicai transmission that I had uttered seventeen years ago was correct. 
I got up immediately, went to the laboratory, and performed a simple experiment on a 
frog heart according to the nocturnal design. I have to describe briefly this experiment 
since its results became the foundation of the theory of chemical transmission of the 


nervous impulse. 


The hearts of two frogs were isolated, the first with its nerves, the second without. 


Both hearts were attached to Straub cannulas filled with a little Ringer solution. 


The 


vagus nerve of the first heart was stimulated for a few minutes. Then the Ringer solu- 
tion that had been in the first heart during the stimulation of the vagus was transferred 
to the second heart. It slowed and its beats diminished just as if its vagus had been 
stimulated. Similarly, when the accelerated nerve was stimulated and the Ringer from 
this period transferred, the second heart speeded up and its beats increased. These 
results unequivocally proved that the nerves do not influence the heart directly but lib- 
erate from their terminals specific chemical substances which, in their turn, cause the 
well-known modifications of the function of the heart characteristic of the stimulation 
of its nerves—Orto Lorewr. An Autobiographie Sketch. Perspectives in Biology and 


Medicine 4: 16, 1960. 
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The Genesis of Hyponatremia Associated with 





Marked Overhydration and Water Intoxication 


By James M. Stormont, M.D., anp CHRISTINE WATERHOUSE, M.D. 


HE PRESENCE of severe hyponatremia, 
not associated with salt depletion, is now 
well known in a wide variety of disease states. 
In nearly all situations in which it has been 
studied, low serum sodium concentrations have 
been accompanied by an increase in body 
water and thus the term ‘‘dilutional hypona- 
tremia’’ has been used. In spite of the well- 
known dilutional factor, certain studies have 
indicated changes of serum cation not aec- 
counted for by fluid and electrolyte bal- 
ances.' + The hyponatremia in these states may 
be due not only to dilution but also to an in- 
ternal reduction of osmotic activity. The pres- 
ent study was designed to evaluate the role 
of overhydration in the latter process. We 
have used daily injections of Pitressin Tan- 
nate in Oil* to induce overhydration and 
marked hyponatremia while maintaining strict 
balance conditions. This approach has al- 
lowed further study of the mechanism in- 
volved in the genesis of severe hyponatremia, 
water intoxication, and the diuretic escape 
from Pitressin. 
Methods 
Thirteen balance studies were conducted in 10 
patients hospitalized on the metabolism ward of 
the Strong Memorial Hospital (table 1). Each 
patient was in a separate, temperature-controlled 
room. A constant diet was administered and this 
was analyzed twice during each study. Constituents 
of each diet are recorded in table 1. All excreta 
were collected quantitatively and stool collections 
were separated into periods with carmine markers. 
Data were collected for water, sodium, potassium, 
chloride, and nitrogen balance. The patients were 
weighed at the end of each 24-hour period and a 
fasting blood sample was obtained without ex- 
posure to air. Close observation by specially trained 
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nurses and physicians throughout the day and 
night provided an accurate record of symptom- 
atology.t 

Following suitable adjustment on a constant diet, 
a control period of 3 days was begun, which was 
followed by a treatment period during which 1 
or 2 units of Pitressin were injected twice daily. 
In several instances, overhydration was reduced 
with infusion of 10 to 12.5 per cent mannitol, 
and Pitressin was continued. A control period 
after Pitressin was utilized whenever possible. In 
some studies other drugs were administered 
throughout both control and Pitressin periods 
to minimize symptomatology. This included atro- 
pine in studies 4 and 5, paraldehyde in study 1, 
Gelusil in studies 7 and 8, and either chloral 
hydrate or Nembutal to all. 

Sodium and potassium were analyzed on an 
internal-standard flame photometer. Chloride was 
analyzed with automatic titration® with a Cotlove 
chloridimeter,® and nitrogen was analyzed by the 
macro-Kjeldahl method. Osmolality was analyzed 
by freezing-point depression, and calcium was 
determined by an established method.® Potassium 
balance was corrected for nitrogen balance (2.7 
mEq. K/Gm./N). An insensible loss of 5 mEq./day 
for sodium, potassium, and chloride was assumed 
although no visible sweat was noted. 

Changes in chloride space were calculated by 
standard methods.? An initial chloride space of 
20 per cent body weight was assumed. Changes 
in total body water were calculated with the New- 
burgh modifications’ of Laveties formula for fat 
balanee.8 Previous studies have indicated a close 
correlation between changes in body water deter- 
mined by this method and the deuterium dilution 
method.® 1° JTnitial total body water was assumed 
to be 60 per cent of body weight. With use of the 
observed serum sodium concentration, sodium and 





tFor the purposes of graphic representation, symp- 
toms of water intoxication were graded as follows: 
Grade I, mild (lethargy, drowsiness, malaise, fatigue, 
nervousness, bloated feeling, weakness, headaches). 
Grade II, moderate (anorexia, epigastric ‘‘ hunger 
pains,’’ nausea, frequent stools, abdominal cramps, 
tightness of the chest, minimal vomiting). Grade 
III, severe (haggard appearance, diarrhea, delirium, 
marked nausea with vomiting). Severe coma or 
convulsions were not observed. There was no marked 
change in blood pressure in any subject. 
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Table 1 
Clinical Data and Dietary Intake 
Initial 
weight Daily intake 
Study Patient Age, sex, diagnosis Kg. Na (mEq.) K (mEq.) N (Gm.) H:20 (liters) Calories 
Group I 
1 A.G. 63, M, chronic alcoholism 59 20 83 12.4 3.2 2570 
and recent pneumonia 
2 LF. 46, F, chronic aleoholism 53 47 68 9.3 2.2 1390 
and recent pneumonia 
3 M.S. 47, F, chronic alcoholism 56 86 90 8.2 2.0 1800 
4 D.C. 50, F, fractured hip 77 95 87 11.5 1.9 1860 
5 D.C. 50, F, fractured hip 74 16 126 11.5 1.6 1860 
Group II 
6 O.H. 54, M, chronie alcoholism, 64 187 110 17.0 2.8 3220 
gout, coin lesion—lung 
7a F.F. 54, M, reformed alcoholic, 57 11 61 7.3 1.9 1370 
cirrhosis, emphysema 
7b F.F. 54, M, reformed alcoholic, 59 11 61 7.3 2.5 1370 
cirrhosis, emphysema 
8a A..F. 40, F, obesity, bilateral 121 16 48 6.8 1.9 715 
pulmonary hilar adenopathy 
8b A.F, 40, F, obesity, bilateral 121 16 48 6.8 2.6 715 
pulmonary hilar adenopathy 
Group IIT 
9 1.C. 54, M, chronic bronchiectasis 45 77 90 8.8 2.6 2020 
10 S.M. 30, M, chronic alcoholism and 73 102 112 17.5 3.3 2770 
recent pneumonia 
11 T.C 35, M, chronie alcoholism and 78 177 97 16.4 2.2 2115 


recent pneumonia 


potassium balance, and calculated total body water, 
values were estimated for total body osmotically 
active cation, change in osmotically active cation 
unaccounted for by electrolyte balance, and 
changes in serum sodium concentration predicted 
by water and electrolyte balance.* Isotonicity 





*Body 
the serum sodium concentration corrected for Donnan 
mEq./L. Total body 
fluid osmotically active cation (TBC) was calculated 
as the product of caleulated total body water (TBW) 
and cation concentration. The change in osmotically 
active cation unaccounted for by balance (AuOAC) 
was caleulated as follows: AuOAC=TBC2-TBC.- 
b(Na+K), where b(Na+K)=the sum of sodium and 
potassium balance and TBC: and TBC:=the total 
body cation at the beginning and end of a period. 
Predicted eation concentration at the end 
of a period was calculated as follows: [TBC:+ 
b(Na+K)]/TBW:. The change in serum sodium 
concentration unaccounted for by balance=Observed 
ANa-Predicted ANa=AuNa. Per cent change in 
serum sodium concentration unaccounted for by 
balance = %AuNa = ObservedANa-predictedANa 
X100/observedANa. The absolute value for ob- 
served ANa was used as divisor. (See appendix for 


eation concentration was assumed to be 


and protein 


factors plus 10 


serum 


sample caleulations. ) 


among body fluid compartments was assumed.!*: 1% 
The use of serum sodium as an arbitrary point 
for calculating cation balance has been of value 
in evaluating osmotic changes, and errors inherent 
in this method have been diseussed.!: 1° 13 Further- 
more, a linear relation has been demonstrated 
between corrected serum sodium concentration and 
serum osmolality (corrected for blood urea nitro- 
gen and blood sugar).!* In our studies, there was 
a close relationship between serum sodium and 
serum osmolality. When total fall in sodium con- 
centration was contrasted with total fall in serum 
osmolality divided by two, a discrepancy of 2 
mKq./L. or less was noted in all but one instance, 
in which the difference was 4 mEq./L. 

Renal concentrating ability was estimated by the 
U/P osmolar ratio determined on 24-hour urine 
specimens, and by net solute-free water reabsorp- 
tion (T‘H,0 = Cosm — V). T°H,O was determined 
following infusions of 10 to 12.5 per cent mannitol 
at a rate of 10 to 20 ml. per minute. No catheter 
was used. Subjects were fasting and received dis- 
tilled water 20 ml./Kg. by mouth 1 hour prior 
to the infusion except as noted in table 4. After 
urine flow greater than 5 ml. per minute was 
established with mannitol, aqueous Pitressin, 100 
mU, was administered through the intravenous 
tubing and 100 mU were added to the infusion, 
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which ran 30 to 45 minutes (ie, 1 to 2 mU/Kg. 
/hour). T°H,O was determined from plasma and 
urine samples obtained during the infusions and 
corrected to 1.73M.? body surface area. 


Results 
Clinical and Balance Data 


The studies have been divided into three 
groups based on the response to Pitressin: 
Group I, marked fluid retention with severe 
water intoxication; group II, initial antidiu- 
resis, with escape from Pitressin effect; and 
group III, minimal fluid retention (tables 
1 and 2). 

Group I 

Balance data were obtained in five studies 
on four patients (table 2 and figs. 1 and 2). 
Studies 4 and 5 on subject D.C. were carried 
out as a continuous balance experiment. After 
9 days of Pitressin administration on a 95- 
mEq. sodium diet (study 4), the sodium in- 
take was reduced to 16 mEq./day and Pitres- 
sin was stopped. Following equilibration on 
this intake, Pitressin was again administered 
for 17 days (study 5). 

A prompt antidiuretic effect occurred in 
all studies with urine volumes 27 to 48 per 
cent of the control values and osmotic U/P 
ratios of 2.5 to 4.1. Fluid retention occurred 
at a rate of 0.4 to 2 liters a day and mild 
symptoms of water intoxication began on the 
second to the fourth days. A slight escape 
from Pitressin antidiuresis was evident after 
the third or fourth day with increasing so- 
dium and chloride excretion, urine volumes 
58 to 79 per cent of control values and osmotic 
U/P ratios of 2.1 to 3.8 (table 2). As pro- 
gressive overhydration and hyponatremia 
continued, symptoms became marked and 
potassium excretion increased without a cor- 
responding fall in sodium excretion. Severe 
water intoxication developed in all instances, 
forcing discontinuation of Pitressin after 6 
to 12 days. 

There are several points of interest in the 
balance data of these patients. 1. The Pitres- 
sin-induced loss of 359 mEq. of sodium and 
90 mEq. of potassium during study 4 (subject 
D.C.) did not affect the development of a 
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Figure 1 


Balance study 3 (M.S.) showing rapid development 
of severe water intoxication with marked cation 
losses unaccounted for by balance. (*) Denotes 
emesis which was analyzed and included in data. 
Balance data ore graphically represented by plot- 
ting intake downward from zero line. The bars 
then represent output and the area above the 
zero line indicates negative balance. 


typical, although delayed, response to Pitres- 
sin during study 5 with further electrolyte 
loss. 2. Mannitol-induced diuresis in study 5 
(fig. 2) rapidly corrected the overhydration 
from Pitressin. The patient was much im- 
proved symptomatically by this procedure. 
The prompt return of marked antidiuresis 
with Pitressin is also clearly seen. 3. Although 
the increase in urinary potassium was marked 
in some patients of this group, the total potas- 
sium loss was never excessive (the cumulative 
potassium balance varied from 0 to -90 mEq.). 
In most instances the potassium loss began 
before the patient’s intake of food was limited 
by severe nausea or anorexia. 
Group IT 

In this group there were five studies in 
three patients (table 2 and figs. 3 and 4). 
Studies 7a and 7b were a continuous experi- 
ment and are shown together in figure 3. The 
only change in the experimental design of 
these two studies was an increased fluid intake 
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in study 7b. Studies 8a and 8b were also 
carried out continuously on the same patient 
(A.F., fig. 4), and again the major change in 
the two studies was increased fluid intake. 
The antidiuretic response was less marked 
than in group I with urine volumes 44 to 63 
per cent of control (table 2). Overhydration 
occurred initially but fluid retention rapidly 
became less marked or absent. The escape 
from Pitressin antidiuresis was more pro- 
nounced than in group I, with urine volumes 
85 to 87 per cent of control and osmotic 
U/P ratios 2.0 or less. Loss of sodium and 
chloride occurred at a rate similar to group 
I. Potassium loss was less marked than in 
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Figure 2 
Balance study 5 (D.C.) showing the gradual development of severe water intoxication 
in a moderately salt depleted subject. (M) denotes hypertonic mannitol infusion which 
was followed by loss of overhydration, gain in cation unaccounted for by balance 
(AuOAC), and improvement in symptoms. On day 35, the sodium balance was —212 mEq. 


group I and in some instances was inversely 
related to sodium loss (fig. 4). Symptoms of 
water intoxication were less prominent than 
in group I. 

With increased fluid intake (studies 7b 
and 8b, figs. 3 and 4) and continuous Pitres- 
sin administration, fluid retention again be- 
came marked and peripheral edema occurred. 
(Both subjects had a history of peripheral 
edema.) Intermittent diuresis with urine 
volumes in excess of control and osmotic U/P 
ratios equal to or less than 1.0 limited con- 
tinued gain in total body water. This diuresis 
was not associated with an increase in urin- 
ary sodium and chloride. Total cumulative 


Circulation, Volume XXIV, August 1961 









































nT TTT = 
SS . 


—_— 


HYPONATREMIA 











Table 2 
Fluid and Electrolyte Changes 
Gain in total body water 
Urine volume* Maxi- 
Con- Mini- Maxi- ie Maxi- mum Mean Mean balance 
Days on trol mum mum P mum rate rate Na K 
Group I Pitressin Liters /day Maximum Minimum Liters L./day* L./day mEq./day mEq./day 
Study 1 7 2.4 0.7 1.3 8.3 2.0 0.9 —28 0 
2 7 1.8 0.6 0.9 2.5 2.4 5.5 1.3 0.8 —27 — 2 
3 6 1.7 0.6 1.1 3.0 2.1 3.2 ia 0.4 —59 — 3 
+ 9 LZ 0.7 0.9 4.1 3.8 2.5 0.4 0.2 —4t —10 
5 12 1.2 0.6 1.0 3.6 2.8 5.1 0.6 0.4 — 8 —4 
Group II 
6 7 2.1 1.3 1.8 2.8 2.0 5.9 1.0 0.8 —5l +1 
7a 7 1.3 0.5 a 2.7 1.0 4.9t 0.7 0.4 —14 — 3 
b 10 t 1.2 2.0 1.4 0.4 0.6 0.1 —20 —4 
8a 8 1.0 0.6 0.9 2.5 1.2 6.1 0.5 0.4 —9 — 7 
b 14 t 1.0 1.8 1.4 0.8 0.5 0.2 —14 + 3 
Group III 
9 8 2.2 1.7 2.8 1.4 0.7 37 0.4 0.1 —13 — 2 
10 9 2.3 1.8 2.5 2.0 1.0 2.0 0.3 0.2 +14 — 3 
11 8 1.4 1.2 2.0 2.9 1.0 2.1 0.6 0.1 — 8 — 5 


*Figures represent mean values for 3-day periods. 
tContinuous study—no control. 
tOver-all maximum gain for studies a and b. 


gain in body water was similar in groups 
I and II (table 2). 

A good antidiuretic response to Pitressin 
was again observed following mannitol- 
induced diuresis in study 8b (fig. 4). 

Group III 

Three patients. There was a minimal anti- 
diuretic effect with more rapid increase in 
urine volume, and osmotic U/P ratios of 1.0 
or less (table 2). Overhydration and hypona- 
tremia were less than in groups I and II. 
Sodium and chloride losses were less marked 
and usually inversely related to potassium 
losses. 

Changes in Electrolyte Concentration and 
Distribution 

Serum sodium concentration fell to the 
range of 100 to 113 mEq./L. in group I after 
6 to 12 days of Pitressin administration and 
increasing overhydration (figs. 1 and 2 and 
table 3). In group II, with similar degrees 
of overhydration, serum sodium remained 
above 115 mKq./L. (figs. 3 and 4 and table 
3). There was a rough correlation between 
serum sodium concentration and degree of 
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symptomatology. Mild symptoms were seen 
with serum sodium concentration in the range 
of 120 to 130 mEq./L. Moderate symptoms 
were associated with serum sodium concen- 
trations of 114 to 120 mEq./L., and severe 
symptoms occurred in all subjects with serum 
sodium concentrations below 114 mEq./L. 
Serum potassium concentrations varied less 
than 1 mEq./L. throughout and there was no 
consistent change in blood urea nitrogen or 
hematocrit even with marked sodium losses. 
Serum carbon dioxide content fell slightly 
from control values of 26 to 32 mM/L. to 
values of 22 to 24 mM/L. during severe hy- 
ponatremia. 

Changes in serum sodium concentration, 
which could not be accounted for by cation 
and fluid balance (A uNa), occurred in all 
studies (table 3). Although variable changes 
in A uNa occurred with the development 
of mild to moderate hyponatremia, greater 
than 50 per cent of the fall in serum sodium 
concentration was unaccounted for at the 
lower serum sodium concentrations (table 3 
and fig. 5). Changes in total body fluid os- 


STORMONT, WATERHOUSE 


Table 3 


Changes in Serum Sodium Concentration Not Accounted for by Balance 














% AuNa 
(A)—(B) 


(A) 


(A) 
Observed 


En 

ifference 
serum Na change change (A)—(B) xX 100 

Study Days* mEq./L. mEq. mEq. mEq. per cent 


; «4 114 —20.7 —25.6 4.9 + 24 

3 108 — 5.4 0 5.4 —100 
117 —20.4 —18.5 s “ 
100 —17.5 hs 
126 —15.1 —16.5 
111 —15.5 —_ 
121 —17.9 —12.2 
113 GS — 2.6 
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112 —10.2 — 5.1 
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*Data represent sequential periods of Pitressin administration except for studies 7 to 11 
where data represent only periods in which the observed change in serum sodium was at 
least 1 mEq./day, and for recovery periods (+) where Pitressin was not given. 

tSee footnote page 191. 


motically active cation were directly related 
to A uNa and reflect the same mechanism. 
Maximal A uOAC losses (greater than 80 
mEq./day in studies 1-5) also occurred with 
severe hyponatremia and water intoxication 
(figs. 1-4). During recovery from severe hy- 
ponatremia, induced either by intravenous 
mannitol administration or by discontinuance 
of Pitressin, a gain in cation unaccounted 
for by balance (both A uNa and A uOAC) 
was observed (figs. 1-5 and table 3). 
Additional data taken from the reports of 
others* 1°. 16 fall in the same range as data 
from this study (fig. 5). When this data are 
represented as a per cent of the observed fall 


in serum sodium,* a good correlation is evi- 
dent (fig. 5). A curve fitted to the data in 
figure 5 by the method of least squares, has a 
formula of Y = 0.26X + 123.1 if Y = final 
serum sodium concentration and X = % A 
serum sodium unaccounted for by balance. 
Correlation coefficient is 0.90 with a p value 
of less than 0.01. In all subjects with severe 
symptoms, over 50 per cent of the fall in 
serum sodium was unaccounted for by bal- 
ance and serum sodium concentrations were 
below 114 mEq./L., regardless of the rate of 
change of observed serum sodium concentra- 


*See footnote page 192. 
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Figure 3 
Balance study 7 (F.F.) showing prolonged overhydration with intermittent episodes 
of hypotonic diuresis, and failure to develop severe water intoxication even with increased 
fluid intake, (M) denotes hypertonic mannitol infusion. Period 7a includes days 4 to 


10, while 7b includes days 11 to 20. 


\- tion, the rate of fluid retention or the total 
n gain in total body water (figs. 1, 2, and 5 
a table 3). 

il Renal Response to Pitressin 

* Progressive overhydration in groups II and 
- III was limited by intermittent periods of iso- 
- tonic or hypotonic diuresis. This increase in 
“a urine volume occurred spontaneously in re- 
i sponse to Pitressin-induced overhydration, 
wi and was not associated with increased total 


of solute excretion (fig. 6), calcium excretion or 
potassium loss (tables 2 and 4). In addition, 
there was no correlation with variations in 
fluid, nitrogen, sodium, or potassium intake 
(table 1). This diuresis began in group III 
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subjects as early as 2 days following the start 
of daily Pitressin injections, at a time when 
there had been no marked gain in total body 
water (table 2). 

Studies of renal function during infusion 
of hypertonic mannitol and Pitressin revealed 
a correlation between increase in total body 
water and maximum ability to concentrate 
the urine in the presence of an osmotic load 
(table 4). Following spontaneous diuresis 
with loss of overhydration (studies 9 and 
11) the response to hypertonic mannitol and 
Pitressin more closely approximated the nor- 
mal response (table 4 and fig. 7). A marked 
diuretic effect and weight loss of 1 to 3 Kg. 
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Figure 4 


Balance study 8 (A.F.) showing prolonged overhydration in subject receiving a low- 
calorie diet with escape from antidiuretic effect and failure to develop symptoms of 
severe water intoxication. (M) denotes hypertonic mannitol infusion. Period 8a includes 


days 4 to 11, and 8b includes days 12 to 25. 


in 24 hours was observed following manni- 
tol infusion in those patients with overhy- 
dration and decreased T*H2O, in spite of 
continued daily Pitressin administration. This 
defect in renal concentration during osmotic 
loading could not be directly correlated with 
the spontaneous low solute diuresis which 
limited overhydration in groups II and III. 

Estimation of one aspect of adrenal func- 
tion through measurement of urine hydroxy- 
steroid excretion revealed a consistent dif- 
ference between group I subjects in whom 
antidiuresis was maintained, as contrasted 
with groups II and III subjects in whom 
antidiuresis was less marked and of limited 
duration. In groups II and III a fall in 24- 
hour urine total hydroxycorticoid excretion 





occurred during the first 3 to 5 days of Pit- 
ressin administration followed by rapid re- 
turn to control values at 7 to 9 days. In 
group I, the fall in corticoid excretion was 
more pronounced and the return to normal 
less rapid (fig. 8). 


Discussion 

Hyponatremia associated with alterations 
in total body osmotically active cation un- 
accounted for by balance has been postulated 
in certain disease states.1~* 17-19 Our studies 
demonstrate a marked decrease in osmotically 
active cation, which was unaccounted for by 
balance and an observed fall in serum sodium 
concentration greater than predicted. This 
was induced by severe overhydration and was 
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Figure 5 
Derived data from all balance studies (@) showing 


changes in serum sodivim concentration unaccounted 


for by fluid and electrolyte balance as related to 
final serum sodium concentration (table 3). Data 


from the literature are included as follows 


X (4), and 0 (1 


% A [No] (Observed k — Predicted & ) 


UOISNjUL 0} 4OlAg 


0.26 


A (16), 


). The lower graph depicts this 


UME TO SC 


URINE ¥ 
DURING PITRESSIN ADMIN 


RELATION OF 


5 


Volume 


24 rs 


data as a per cent of observed change, and a 
X +123.1. 


curve fitted to this data has a formula Y 


it- 
re- 
In 
as 
ial 
ns 
n- 
ted 
ies 


(000 


900 


Solute Excretion 
MO SiA/ 2408S. 


*peyeipsyoid 
syofqng ‘[oyluUeUT JO UOISNHJur OY} 0} poppe AnOYy/*Sy/NQwm ZT + ‘at A[prdvl MuUNOLT—uUlssol}ig snousavijuy ‘[oytuuvU yued Jed g’Z{ Jo uorIsnjuy, 
e0— IST ¥°S eel e+ ge 1'6 61 r1 
0 6 8°¢ S'6 Te 3 OL 8éI oy 
§o°r+ L°S P'S PET c—<pnig 
0 F uIssel}Ig 
4[rep ON “@ 
sot 0's HST I+ le £6 It tI 
sot cf ve L01 vot as g"9 9€1 t6 
ob OST Ls 8°06 8°0—- oe 6SL 66T 6 
e'o— OL "9 0'0€ ¢y— LY T'S3 9IT 8 
3 oO S¢ VP 0°03 90+ ev GOT SII L ae 
0o*s— Ors 8° OPS §s'o+ 8°¢ 3ST él c—Apnjg 
. . . . . . . . - wi /*ju as “bau ulsselzIg 
a = os gag ieee ae “a” ps BO eUNQ, BN eu BN wnseg A[rep : 
Apogy euny aynjog aunty O'HeaL anos eu SulAToay “Vy 


uoynssmMUupy Uurssasytg pabuojorg bung fijwpqy buyvsquaou0g youay ur suoyunrin 4 


b 92D 


Figure 6 
Solution excretion and urine volume for subjects 


in groups I, II, and III. 
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Figure 7 


Clearance studies during infusion of hypertonic mannitol and aquous Pitressin in patients 
A.F., (no. 8) and T.C. (no. 11). Water load was given orally 1 hour prior to mannitol 


infusion. 


not associated with an active disease state. It 
was readily reversible, either by discontinua- 
tion of Pitressin and allowing water diuresis 
to occur, or by inducing osmotic diuresis with 
intravenous hypertonic mannitol in the pres- 
ence of continuing Pitressin administration. 
Correction of overhydration was associated 
with a gain of osmotically active cation un- 
accounted for by balance, a rise in serum 
sodium concentration greater than predicted, 
and a loss of symptomatology within 24 to 72 
hours. Unaccountable cation changes were 
most evident at serum sodium concentrations 
below 114 mEq./L. In this range, over 50 
per cent of the fall in serum sodium concen- 
tration was unaccounted for by fluid and 
cation balance, and severe symptoms of water 
intoxication were noted. At higher serum 
sodium concentrations, the unaccounted for 
changes in cation were less prominent, and 
daily variations were evident with cation gains 
often balancing cation losses. 

While certain studies lend support to the 





hypothesis that cellular hypotonicity may be 
a factor in the development of hyponatre- 
mia,!~* 17-19 other studies have failed to show 
a loss of cation other than that unaccounted 
for by balance.'*: 79"? The present study sug- 
gests that such losses may become evident 
only with severe degrees of fluid retention. 
Previous attempts to demonstrate unaccounted 
for loss of cation resulting from overhydra- 
tion in man, have dealt with serum sodium 
concentrations in the range of 118 to 130 
mKq./L., a range where undetected cation loss 
was minimal or variable in our studies. There 
are certain difficulties in applying data from 
azotemic or hyperglycemic dogs to the clinical 
situation ; nevertheless, data of Wynn" reveal 
values that fall close to the values obtained in 
our data (fig. 5). 

Loss of cation unaccounted for by balance 
may represent either an undetected external 
loss or an internal alteration in metabolism 
resulting in loss of osmotic activity. Our 
studies would not detect losses from the body 
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of hydrogen, magnesium, or amino acids that 
are capable of acting as cations (lysine, ar- 
ginine). Although we cannot exclude an un- 
detected cation loss of this type, the rapid 
gain in unaccounted for cation with correction 
of overhydration would suggest that this was 
not a major factor. Reversible reduction of 
osmotie activity could be accomplished by 
eation binding in mucopolysaccharides, pro- 
teins, weak acids, or bone, and this would 
not necessitate an osmotic gradient between 
cells and extracellular fluid. The observa- 
tion! that serum sodium concentration is pro- 
portional to the sum of exchangeable sodium 
and potassium divided by total body water 
even at low serum sodium concentrations, as 
well as other studies, !* suggests that there 
is no sustained osmotic gradient between cells 
and extracellular fluid. Our data suggest that 
with severe overhydration, isotonicity is main- 
tained not only by fluid shifts, but also by 
reduction in total number of active cellular 
osmols. This mechanism could act as a homeo- 
static compensation tending to maintain cell 
volume. 

Severe symptoms of water intoxication oc- 
curred in all studies in group I, and were 
associated with marked overhydration, nega- 
tive sodium and potassium balance, and a 
fall in serum sodium concentration below 
114 mEq./L., The failure to develop severe 
symptoms in group II during an equivalent 
degree of Pitressin-induced overhydration 
(table 2) was correlated with (1) intermit- 
tent episodes of increased urine volume with- 
out increased total solute output (figs. 3, 4, 
and 6) so that maximum gain in total body 
water was accomplished more slowly, and 
only after an increased fluid intake; (2) less 
fall in serum sodium with relatively close 
agreement of predicted and observed values 
(table 3 and fig. 5) ; and (3) less fall in total 
urine hydroxyecorticoid excretion with more 
rapid return to or beyond control levels 
(fig. 8). 

These studies indicate that certain patients 
receiving daily Pitressin injection may de- 
velop a failure to form concentrated urine. 
This is manifest both in response to simple 
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Figure 8 
Urine hydroxycorticoid excretion indicating more 
pronounced fall in three studies of group I rela- 


tive to three studies of group II and one of group 
TTI. 


overhydration (continuous water load) or 
to intravenous mannitol (osmotic load). The 
spontaneous development of isotonic (or even 
hypotonic) urine was not directly correlated 
with either the degree or duration of over- 
hydration. These data confirm in part earlier 
observations in animals** 24 and man.1® 25. 26 
Decreased permeability of the renal tubular 
cells to water may be responsible for this spon- 
taneous escape from Pitressin effect.1° In con- 
trast, the inability to concentrate maximally 
during an osmotic load appeared to be related 
to the degree of overhydration and was cor- 
rected following dehydration. Previous studies 
have demonstrated that overhydration may 
affect renal concentrating ability.27?9 This 
correlation with changes in body water and 
the lack of correlation with the spontaneous 
diuresis suggests that decreased solute concen- 
tration in the renal medullary interstitial fluid 
may be an etiologic factor. Osmotic mecha- 
nisms in urine concentration and dilution 
have been recently reviewed*® and will not be 
further discussed here. 

Escape from Pitressin-induced antidiuresis 
associated with prolonged overhydration may 
act as a self-regulatory mechanism during ab- 
normal states to limit excessive fluid reten- 
tion and consequent water intoxication. It 
is possible that the concentration defect ob- 
served in certain patients with cirrhosis?! 
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and other states associated with overhydra- 
tion and hyponatremia* may be related to a 
similar phenomenon. 

The present data would suggest that certain 
clinical states associated with fluid retention, 
severe hyponatremia, and water intoxication 
may be benefited by fluid restriction, osmotic 
diuresis, or steroid therapy. Unfortunately 
one or all of these measures may be contrain- 
dicated in overhydration associated with se- 
vere renal, cardiac, infectious, or brain dis- 
ease. 

Summary 

Prolonged overhydration and hyponatremia 
have been produced in 10 patients with use 
of Pitressin Tannate in Oil. Balance studies 
have shown that in patients who developed 
moderate hyponatremia, the drop in serum 
sodium could be explained by water retention. 
In patients who developed severe water in- 
toxication, the very low levels of serum so- 
dium (100-114 mEq./L.) could not be entirely 
accounted for by changes in salt and water 
balance. 

Certain patients failed to develop severe 
water intoxication although an equivalent 
degree of overhydration was achieved. In these 
subjects, further overhydration was limited 
by intermittent episedes of low solute diuresis. 
This diuretic escape from Pitressin effect has 
been evaluated by measurement of U/P osmo- 
lar ratio on 24-hour urine specimens as well as 
T°H,0 during hypertonic mannitol infusion. 
Defects in both aspects of renal concentration 
were observed, although they were not neces- 
sarily coexistent. 


Appendix 

Sample Calculations 

Study 2: Control 3 days, Pitressin 7 days, control 
4 days. 
Balance Data—Days 8 and 9 

1. I. L.=insensible weight loss=weight in—weight 
out—Abody weight=5590-3480—(—340)-=2450 
or 1225 Gm. q.d. 
Fb=fat burned=I. L.—(2.18C + 12.26 UN)= 

3.93 
1225—(2.18 X 149 + 12.26 x 8.0)=204 Gm. 
3.93 


bo 


q.d. 
ABF=Abody fat=fat in — fat burned = 


or 


10. 


11. 


or 


STORMONT, WATERHOUSE 


61—204= —143 Gm. q.d.= —286 Gm./2 days. 
ABP=Abody protein=6.25x0.08 = —.5 q.d.= 
—l Gm./2 days. 

ATBW=Atotal body water=Abody weight — 
ABF — ABP= —340—(—286)—(—1)= 
53 ml.= —0.05L. 

TBW:=total body water, initial=36.97. 
TBW:.=total body water, final=36.92. 

Initial serum sodium=117.2, correeted=119.7= 





[Na]: 

Final serum sodium=107.6, corrected—109.9— 
[Na]e 

b(Na + K)=balance of sodium + potassium 
(corrected) = —172 mEq. 


TBC.=total body initial—=TBW: X 
({Na]: + 10) 

TBC:=36.97 X 129.7=4795 mEq. 

TBC.=final TBC=26.92 X 119.9 = 4427 mEq. 
AuOAC=TBC: — TBC, — b(Na + K)= 
—196 mEq. or 98 mEq. q.d. 
[Na]er=predicted serum sodium concentration 
= [eation]pr — 10=(TBC: + b(Na + K)/ 
TBW:) — 10= 4795 + (—172) — 10=115.2 


 —— 


eation, 


mEq. 

A[Na]rr=119.7 — 115.2= —4.5 mEq/L. 
A[Na]o=observed change in serum sodium 
concentration=119.7 — 109.9—9.8 mEq. 

:.% AuNa= 


A[Na]o — A[Na]rr — —9.8 — (—45) = 
a 
—54% = per cent of change in serum sodium 


concentration unaccounted for by balance. 


References 


ELKINTON, J. R., WINKLER, A. W., AND 
DaANowskI, T. S.: Inactive cell base and the 
measurement of changes in cell water. Yale 
J. Biol. & Med. 17: 383, 1944. 

Squires, R. D., Crostey, A. P., JR, AND 
ELKINTON, J. R.: The distribution of body 
fluids in congestive heart failure. III. Ex- 
changes in patients during diuresis. Circulation 
4: 868, 1951. 

Scuwartz, W. B., BENNETT, W., CuRELoP, S., 
AND Barrer, F. C.: A syndrome of renal 
sodium loss and hyponatremia probably re- 
sulting from inappropriate secretion of anti- 
diuretic hormone. Am. J. Med. 23: 529, 1957. 

JAENIKE, J. R., AND WATERHOUSE, C.: Body 
fluid alterations during the development of 
and recovery from hyponatremia in heart 
failure. Am. J. Med. 26: 862, 1959. 

CoTLOVE, E., TRANTHAM, H. V., AND BOWMAN, 
R. L.: An instrument and method for auto- 
matie rapid accurate and sensitive titration 
of chloride in biological samples. J. Lab. & 
Clin. Med. 51: 461, 1958. 


Circulation, Volume XXIV, August 1961 





aE 








Pe A ee eee era NERC AO 





















6. 


10. 


aa 


{ 13. 


| ; 


D 15 

y 

c- 

n ( 16. 
sy 

ul 

17 

4- 

i: 

ly ‘ 18. 
of 

rt 

Ms 19. 
,0- 

on 

& 





HYPONATREMIA 


Circulation, Volume XXIV, August 1961 


KOcHAKIAN, C. D., AND Fox, R. P.: Micro deter- 
mination of calcium by titration of the oxalate 
with ammonium hexanitratocerate. Indust. & 
Engin. Chem. (Anal. Ed.) 16: 762, 1944. 

NewsureuH, L. H., JonNson, M. W., LASHMET, 
F. H., AND SHELDON, J. M.: Further experi- 
ences with the measurement of heat production 
from insensible loss of weight. J. Nutrition 
13: 203, 1937. 

LAVIETES, P. H.: The 
of the water exchange. 
57, 1935. 

Craia, A. B., JR., AND WATERHOUSE, C.: Body 
composition changes in patients with advanced 
eancer. Cancer 10: 1106, 1957. 

JAENIKE, J. R., AND WATERHOUSE, C.: The nature 
and distribution of cardiac edema. J. Lab. & 
Clin. Med. 52: 384, 1958. 

Conway, E. J., AND McCormack, J. I.: The 
total intracellular concentration of mammalian 
tissues compared with that of the extracellular 
fluid. J. Physiol. 120: 1, 1953. 

APPELBOOM, J. W. T., Bropsky, W. A., TUTTLE, 
W. S., anp Diamonp, I.: The freezing point 
depression of mammalian tissues after sudden 
heating in boiling distilled water. J. Gen. 
Physiol. 41: 1153, 1958. 

Hutu, E. J., Squires, R. D., AND ELKINTON, 
J. R.: Experimental potassium depletion in 
normal human subjects. II. Renal and _ hor- 
monal factors in the development of extra- 
cellular alkalosis during depletion. J. Clin. 
Invest. 38: 1149, 1959. 

EDELMAN, I. S., LEIBMAN, J., O’MEaARA, M. P., 
AND BIRKENFELD, L. W.: Interrelations be- 
tween sodium concentration, serum 
osmolarity, and total exchangeable sodium, 
total exchangeable potassium and total body 
water. J. Clin. Invest. 37: 1236, 1958. 

Wynn, V.: A metabolic study of acute water 
intoxication in man and dogs. Clin. Se. 14: 
669, 1955. 

JAENIKE, J. R., AND WATERHOUSE, C.: The 
renal response to sustained vasopressin and 

water administration in man. J. Clin. Endocrin. 
& Metab. 21: 231, 1961. 

WELT, L. G., Or.Lorr, J.. Kypp, D. M., AND 
OLTMAN, J. E.: An example of cellular hyper- 
osmolarity. J. Clin. Invest. 29: 935, 1950. 

Stms, E. A. H., WET, L. G., ORLOFF, J., AND 
NEEDHAM, J. W.: Asymptomatic hyponatremia 
in pulmonary tuberculosis. J. Clin. Invest. 29: 
1545, 1950. 

Harrison, H. E., FinserG, L., aND FLEISHMAN, 
E.: Disturbance of ionic equilibrium of intra- 
cellular and extracellular electrolytes in pa- 
tients with tuberculous meningitis. J. Clin. 
Invest. 31: 300, 1952. 


metabolic measurement 
J. Clin. Invest. 14: 


serum 


20. 


24. 


26 


28. 


29. 


30. 


31. 


203 


Lear, A., Bartter, F. C., Santos, R. F., AND 
Wrone, O.: Evidence in man that urinary 
electrolyte loss induced by Pitressin is a 
function of water retention. J. Clin. Invest. 
32: 868, 1953. 

Lear, A., CHATILLON, J. Y., Wrona, O., AND 
TuTtte, E. P., Jr.: The mechanism of the 
osmotie adjustment of body cells as determined 
in vivo by the volume of distribution of a 
large water load. J. Clin. Invest. 33: 1261, 1954. 

Wynn, V., AND HoucuTon, B. J.: Observations 
in man upon the osmotic behavior of the body 
cells after trauma. Quart. J. Med. 26: 375, 
1957. 

LEvINSKY, N. G., Davipson, D. G., AND 
BERLINER, R. W.: Changes in urine concen- 
tration during prolonged administration of 
vasopressin and water. Am. J. Physiol. 196: 
451, 1959. 

WEsson, L. G., Jr., ANSLOW, W. P., JR., RAIsz, 
L. G., Botomry, A. A., AND Lapp, M.: Effect 
of sustained expansion of extracellular fluid 
volume upon filtration rate, renal plasma flow, 
and electrolyte and water excretion in the 
dog. Am. J. Physiol. 162: 677, 1950. 

FouRMAN, P., AND Lesson, P. M.: Hyperna- 
tremia and hyponatremia with special reference 
to cerebral disturbances. In Water and Elec- 
trolyte Metabolism in Relation to Age and 
Sex. Ciba Foundation Colloquia on Ageing, 
G. E. W. Wolstenholme and C. M. O’Connor, 


Eds. Boston, Little, Brown & Co., 1958, vol. 
4, p. 36. 
WEstTon, R. E., GrossMAN, J., Essig, A., 


Isaacs, M. G., HANENSON, I. B., anp Horo- 
witz, H. B.: Homeostatic regulation of body 
fluid volume in non edematous subjects. Metab- 
olism 9: 157, 1960. 

Epstein, F. H., KLEEMAN, C. R., AND HENDRIKX, 
A.: The influence of bodily hydration on the 
renal concentrating process. J. Clin. Invest. 
36: 629, 1957. 

DEWARDENER, H. E., AND HERXHEIMER, A.: The 
effect of a high water intake on the kidney’s 
ability to concentrate the urine in man. J. 
Physiol. 139: 42, 1957. 

Bartow, E. D., AND DEWARDENER, H. E.: 
Compulsive water drinking. Quart. J. Med. 
28: 235, 1959. 

GOTTSCHALK, C. W.: Osmotie concentration and 
dilution in the mammalian nephron. Cireulation 
21: 861, 1960. 

ScHepDL, H. P., AND Barrrer, F. C.: An expla- 
nation for and experimental correction of the 
abnormal water diuresis in cirrhosis. J. Clin. 
Invest. 39: 248, 1960. 








Sequelae of Left Ventricular Puncture 
with Angiocardiography 


By Vikine Ovov Bork, M.D., INcEMAaR CULLHED, M.D., Apar Hauetn, M.D., 
HerMAN Loptn, M.D., anp Exits Mauers, M.D. 


HE LEFT VENTRICLE may be cathe- 
oe cued from the aorta,’* from the left 
atrium by several routes,+® or may be directly 
punctured. Since 1958 we have performed 
left ventricular puncture in 142 cases for 
pressure measurements and contrast injec- 
tion. It is the aim of this paper to report 
our complications together with a review of 
those reported by others. 


Material and Methods 


Our cases were 6 months to 56 years old, most 
between 30 and 40 years of age. The diagnoses 
are presented in table 1. The main indications for 
the procedure were aortic stenosis or mitral in- 
sufficiency, and our results with it were recently 
reported.7-9 

The investigation is performed with the patient 
in the fasting state, under penicillin prophylaxis 
with blood and necessary equipment for cardiac 
resuscitation in readiness. In adult patients gen- 
eral anesthesia is not used, only premedication with 
morphine and scopolamine. The puncture is per- 
formed by a thoracic surgeon in the presence of 
a cardiologist, an anesthesiologist, and a radiolo- 
gist. We use the intercostal method of Brock 
et al.1°.11 We only wish to stress that the needle 
used has a blunt end and a sharp mandrin. 
When the ventricular cavity is reached, the needle 
is locked by a serew so that it cannot be intro- 
duced farther. An electrocardiogram is continu- 
ally monitored on a two-beam eathode-ray oscillo- 
scope. The pressure curves from the left ventricle 
and a peripheral artery are recorded. The ventric- 
ular curve must be free and undamped up to the 
moment of contrast injection and during slight 
changes in the position of the needle, in order 
to avoid intramyocardial deposition of contrast 
medium. With an automatic pressure syringe we 
then inject 1 to 1.2 ml. per Kg. of body weight 
of 76 per cent Urografin, with a speed of about 

From the Department of Thoracic Surgery (Head: 
V. O., Bjork, M.D.), the Department of Medicine 
(Head: E. Ask-Upmark, M.D.), and the Department 
of Diagnostic Radiology (Head: F. Knutsson, M.D.), 
University Hospital, Uppsala, Sweden. 





30 ml. per second. The pressures are again 
checked after the contrast injection. During the 
injection phase and immediately afterwards com- 
pression of both common carotid arteries is per- 
formed to diminish the flow of the dye to the 
brain. In order to avoid alteration in the position 
of the needle during this time, the patient is 
ordered to hold his breath. A chest radiogram 
of the frontal projection in the supine position 
is taken shortly afterwards; if this is unaltered, 
the patient is transported to the postoperative 
ward. For the next 20 hours he is closely super- 
vised with frequent and regular observations of 
pulse and blood pressure. Then a chest. radiogram 
in frontal and lateral projections in the sitting 
position ‘and an electrocardiogram are taken and 
the patient is brought back to the medical ward. 
As a rule the patient leaves the hospital a few 
days later. 


Results 

We have performed 142 left ventricular 
punctures on 137 patients. In four cases the 
puncture was unsuccessful. In one of these 
cases the needle caused very frequent ven- 
tricular premature beats. In two other cases 
the needle entered the right ventricle. No 
contrast material was injected, and the sur- 
geon deemed it inadvisable to perform more 
punctures. In the fourth case ventricular 
fibrillation occurred, which necessitated car- 
diae resuscitation. 

Of the remaining 138 punctures no injec- 
tion was possible for technical reasons in 
four cases and in one case because of coagu- 
lation in the needle. There remained 133 suc- 
cessful punctures in 131 cases. 

In most instances only slight or no pain 
was experienced during and immediately 
after the puncture. When the needle passed 
through the ventricular wall extrasystoles of 
ventricular origin were seen in practically 
all cases. When the needle end was free 
in the ventricular cavity, the pre-existing 
rhythm was restored as a rule. In one case 
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LEFT VENTRICULAR PUNCTURE 


Table 1 


The Diagnoses in 137 Cases Submitted to Left 
Ventricular Puncture 





Table 2 


Changes in Heart Rhythm and Rate during Left 
Ventricular Angiocardiography* 











Number 
Diagnoses of cases 
Aortic stenosis 16 
Aortie insufficiency 6 
Aortic stenosis and aortic insufficiency 13 
Mitral stenosis 3 
Mitral insufficiency 13 
Mitral stenosis and insufficiency 17 
Combined aortic and mitral 63 
Ventricular septal defect 3 
No valvular disease 3 





A few of these cases were combined with other 
disorders, such as tricuspid stenosis and insufficiency, 
aortic coarctation, atrial septal defect, corrected trans- 
position, and extreme poststenotie aortic dilatation, 
due to proved cystic medial necrosis in one ease. 


a short run of supraventricular tachycardia 
(175 per minute) was registered during the 
puncture but soon subsided and contrast 
injection could be performed. 

During and immediately after the angio- 
cardiography some events were regularly seen 
(table 2). During the injection 5 to 10 ven- 
tricular extrasystoles occurred, probably re- 
leased by the contrast jet hitting the oppo- 
site endocardium. Preceded in some cases by 
asystole or bradycardia, a moderate tachy- 
cardia followed, accompanied by a blood 
pressure fall of varying degree. After the an- 
giocardiography some patients complained of 
headache, which was in no ease severe, and a 
few experienced nausea. 

A slight rise in temperature (37.5 to 38 C.) 
was noted in 74 cases during the first 24 
hours. In 15 other cases the temperature ex- 
ceeded 38 C., generally associated with minor 
or major complications. Four cases had pleu- 
ritic pain localized to the site of puncture for 
more than 24 hours without proved cause. One 
of them, however, had a pericardial friction 
rub. 

The complications may be divided into mi- 
nor and major groups. 

Minor Complications 


This group (table 3) includes those who 
experienced no or only slight inconvenience 
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*Findings in 122 cases, in which full information 
was available. 


tvES = (repeated) ventricular extrasystoles. 
tAsystole = cardiac standstill lasting more than 
2 seconds. 


and did not require special therapeutic meas- 
ures. 

1. Hemopericardium. There may always be 
some leakage of blood into the pericardium. 
Twenty-seven cases were operated upon with- 
in 2 months and in four cases the surgeon 
noted ‘‘enlarged amounts’’ of blood in the 
pericardial sac. None of these cases had clini- 
cal signs of cardiac tamponade, and the opera- 
tion was performed 8, 8, 11, and 30 days after 
the puncture. 

2. Pneumothorax was observed in eight 
cases and caused no subjective discomfort. 
The diagnosis was established by chest radio- 
gram in seven cases and only by angiocardio- 
gram in one (being substernal). In the other 
seven cases it was left-sided and in all but 
one of minimal size. In this last case it was 
three fingers broad. 

In the case diagnosed by angiocardiography 
and in another a loud extra heart sound with 
varying position in the heart cycle was heard 
for several days. In the first patient it was 
audible only during inspiration and was so 
loud as to be heard at some distance, and by 
the patient himself. In the second case it was 
less loud, present in all phases of respiration 
and was followed some days later by a typical 
pericardial friction rub. The electrocardio- 
gram and radiograms were normal. These phe- 
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Table 3 
Minor Complications in 142 Left Ventricular 
Punctures 
Complication Number 
Hemopericardium without tamponade 4* 
Pneumothorax 8 
Pleural effusion 15 
Parenchymatous pulmonary changes 8 
Delayed onset of arrhythmia 2 


*This is a minimum number, representing only 
those found at surgery. 


nomena were probably due to the presence of 
a small amount of air between the pericar- 
dium and the pleura, causing a ‘‘noisy pneu- 
mothorax.’’!* For practical purposes the chest 
radiograms were not performed in expiration, 
when a small pneumothorax would more often 
be evident. 

3. Pleural effusion was seen in 15 eases, in 
12 cases on the left side only, in one on the 
right side, and in two bilateral. It always ap- 
peared to be minimal, although no radio- 
graphs were taken with the patient in the 
lateral recumbent position. 

4. Pulmonary complications in the form of 
small basal, atelectatic streaks were seen on 
the left side in six cases, and on both sides 
in two cases. Only one case had fever exceed- 
ing 38 C. Two eases showed clinical and radio- 
logic signs of bronchopneumonia 1 or 2 days 
after the puncture. 

In eases with effusion and parenchymatous 
changes there were no abnormalities in the 
radiographs immediately after puncture. In 
contrast, pneumothorax was detectable as 
often in these as in the radiograms a day later. 
This observation may explain the lung 
changes: the immobilization for 12 to 14 hours 
after puncture plus slight chest pain may 
cause a superficial ventilation. The observed 
changes soon disappeared. 

5. Late disturbances of heart rhythm. 
Atrial fibrillation began one and two days 
after the puncture in two cases with com- 
bined mitral and aortic valvular disease. 
There may have been no relation between the 
puncture and the fibrillation, although late 
onset of arrhythmia has been noted often after 
noncardiac thoracic surgery.’ 


BJORK ET AL. 


Major Complications 

This group includes ventricular fibrillation, 
cardiac tamponade, faulty contrast injection, 
and cerebral complications (table 4). Some of 
our cases were briefly reported earlier." 

1. Ventricular fibrillation occurred once, in 
a 32-year-old woman with aortic stenosis, aor- 
tic insufficiency, and slight aortic coarctation. 
It was difficult to reach the ventricular cavity 
and at the second puncture ventricular fibril- 
lation appeared. Thoracotomy was immediately 
performed, and after cardiac massage and de- 
fibrillation sinus rhythm was rapidly restored. 
Left ventricular puncture was then made on 
the exposed heart, but no contrast medium 
was injected. The patient recovered. 

2. Cardiac tamponade occurred in six cases, 
twice with fatal outcome. The first case was a 
55-year-old man with severe calcific aortic 
stenosis. For technical reasons no contrast 
medium could be injected. When returned to 
the ward he developed signs of cardiac tam- 
ponade, and thoracotomy was performed when 
he developed cardiac standstill. In spite of 
cardiac massage and acute surgical dilatation 
of the aortic valve, spontaneous cardiac activ- 
ity was not restored. He had a large hemoperi- 
cardium and autopsy revealed gross hyper- 
trophy of the left ventricle except at a small 
region near the apex. Here the wall was only 
a few millimeters thick, and this was unfor- 
tunately the puncture site. Microscopically 
this area showed interstitial fibrosis. 

The second fatal case was a 47-year-old 
woman with severe mitral insufficiency. She 
was severely ill with pulmonary hypertension, 
a heart size of 1,760 ml./M.? body surface 
area, and a very low capacity for work. About 
2 hours after the puncture with left ventricu- 
lar angiocardiography, she became hypoten- 
sive, and soon afterwards the heart stopped. 
On thoracotomy cardiac tamponade was found 
but cardiac massage was without success. 

In a third case, a 27-year-old man with a 
small ventricular septal defect, the puncture 
was successful but no contrast medium was 
injected because the tubing ruptured. Begin- 
ning from the second day he was febrile. Re- 
peated chest radiographs showed at first only 
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Table 4 
Major Complications in 142 Left Ventricular 
Punctures 
Number 
Fatal Nonfatal 
Ventricular fibrillation 1 
Cardiae tamponade 2 4 
Faulty contrast injection 1 3 
Cerebral complications 2 2 





left pleural effusion; on the sixth day, en- 
largement of the cardiac silhouette. An elec- 
trocardiogram taken this day showed frequent 
ventricular extrasystoles and S-T elevations 
indicative of pericarditis. On pericardial 
puncture on the seventh day only 70 ml. of 
blood were obtained. On the tenth day he 
fainted in bed. The area of absolute cardiac 
dullness was increased and another pericar- 
dial puncture on the eleventh day yielded 120 
ml. of blood, but the patient became uncon- 
scious and thoracotomy was performed. The 
pericardium was found to contain 1,400 ml. 
of blood. There was right ventricular hyper- 
trophy with clockwise rotation of the heart. 
Consequently the descending branch of the 
left coronary artery lay near the apex and 
had been injured by the needle. The patient 
made a good recovery but 3 months later he 
was hospitalized once more because of chest 
pain and fever. The heart size had increased 
and a thoracotomy was performed again, since 
puncture failed. Besides a pleural exudate a 
frame-work was found inside the pericardial 
cavity, containing blood-stained fluid. To pre- 
vent constricting pericarditis a pericardec- 
tomy was deemed necessary. He finally recov- 
ered after a second relapse with fever and 
signs of myocarditis. We interpreted this case 
as cardiac tamponade which was atypical, due 
to the slow oozing of blood from the injured 
vessel, complicated with a perimyocarditis 
with doubtful relation to the puncture. 

In a fourth case 100 ml. of blood were evac- 
uated by pericardiocentesis a few minutes 
after the procedure and resulted in improve- 
ment. In two other cases only 50 ml. of blood 
could be evacuated. In at least one of these 
there were obvious clinical signs of cardiac 
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Figure 1 


Left ventricular angiocardiogram, frontal projec- 
tion. The contrast medium is mainly deposited in 
the myocardium and in the pericardial sac. Early 
contrast filling of the coronary veins. No contrast 
medium in the aorta. 


tamponade that promptly subsided after- 
wards. 

3. Faulty contrast injection caused the 
death of a 9-month-old boy with atypical te- 
tralogy of Fallot. On suspicion of aortic ste- 
nosis the puncture was performed and at the 
third attempt the needle entered the left ven- 
tricle. In spite of a previous free pressure 
curve, the electrocardiogram showed deep S- 
deflections and S-T depressions during the 
contrast injection. The angiocardiogram and 
a chest radiogram 114 hours later showed con- 
trast. medium in the left myocardium (fig. 1). 
He did well the first hour but then rapidly 
deteriorated. Because of cardiac standstill 
thoracotomy was performed but no contrac- 
tions of the left ventricle could be evoked. The 
pathologic examination showed hemorrhage in 
the posterior wall of the left ventricle, with 
3-em. rupture of the endocardium. 

In two cases the angiocardiogram showed 
that small amounts of contrast medium had 
been injected into the myocardium. However, 
no contrast medium was detectable on the 
radiographs taken some minutes later, and 
there were no clinical symptoms. In a fourth 
case a small amount of contrast medium was 
injected into the pericardial sac. There were 
no sequelae. 
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Table 5 
The Reported Occurrence of Major Complications in Left Ventricular Puncture 
Ventric- Faulty (= 
Number ular extravascular) 
Angio- No angio- fibril- Cardiac contrast Needle 
Authors gram gram lation tamponade injection diam. mm. 
I. Subxiphoid method 
Nunez et al., 1951" 45 
Ponsdomenech et al., 1 1.7 
1951” 56 1.5 
Smith et al., 1954" 6 1 
Cregg et al., 1955” s 1 
Smith et al., 1956’ 31 1 
MecCaughan et al., 1957” 31 2 
Lehman et al., 1957” 69 8 15 
Lehman et al., 1959” 230 S$ (3)* 
Lehman, 1959 >300 3 3 (3) 
Greenberg et al., 1960** 41 6 . 
Total 459 1 3 17 (3) 
II. Interecostal method 
Nuvoli, 1936” 
Buchbinder et al., 1949” 
Brock et al., 1956” 24 1.25 
Fleming et al., 1957” 28 
Fleming et al., 1958” 115 3 (2) 1.5 
Ross, 1959” 184 2 £2) 
Morrow et al., 1958” 7 1 
Yu et al., 1958" 30 hd 
Greene et al., 1958™ 23 0.8 
Conolly, 1959* >50 0.9—1.1 
Botham et al., 1959* ? 1 1.25 
Bjork et al., 1961 133 9 6 (2) 4 (1) 1.55 
Total 133 305 1l (4) 4 (1) 











*The figure in parentheses designate fatal outcome. 


In two cases, a 36-year-old woman and a 55- 
year-old man, both with combined mitral-aor- 
tic valvular disease, there was a disorientation 
for some hours afterwards with amnesia. 
There were no other neurologic signs and they 
recovered completely. The probable genesis 
was a reaction to the contrast medium. In the 
first case, however, there were some signs of 
cardiac tamponade, too; and pericardial punc- 
ture yielded 50 ml. of blood. 


Discussion 

The reported complications of left ventricu- 
lar puncture in the literature are listed in 
table 5. They are divided according to the 
method of puncture—subxiphoid or intercos- 
tal. As is evident from the table, practically 
all workers with the subxiphoid method have 
performed left ventricular angiocardiogra- 


phy, whereas our group has employed the in- 
tercostal method. The different consecutive 
reports by one and the same team are listed 
together, as some of the major but nonfatal 
complications are not repeated in their latest 
reports. 

Ventricular fibrillation that necessitated 
thoracotomy occurred twice, both with recov- 
ery after cardiac massage. In the case of 
Smith et al.?® contrast medium was injected 
slowly and near the origin of the left coronary 
artery. In our case no contrast medium was 
injected but repeated punctures were made. 
The risk of ventricular fibrillation emphasizes 
the absolute necessity of a continuous electro- 
eardiogram during the procedure. Impending 
ventricular fibrillation is sometimes heralded 
by multiple ventricular extrasystoles; if it is 
established, cardiac resuscitation must be per- 
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formed without delay. As prophylaxis 100 per 
cent oxygen breathing and the administration 
of quinidine or procaine amide might be of 
value. Premedication with drugs containing 
atropine may cause tachycardia and ventricu- 
lar extrasystoles. 

Fatal cardiac tamponade seems to occur 
with either method. Lehman reports three suc- 
cessfully treated cases among more than 300 
left ventricular punctures.”* In a series of 184 
intercostal punctures Ross*® reports two fatal 
eases, a 61-year-old woman with arterioscle- 
rotic heart disease without aortic stenosis, and 
a 57-year-old man with aortic stenosis. In both 
eases the procedure was somewhat protracted 
due to attempted aortic catheterization. In the 
first case the needle entered the left ventricle 
through a 3-mm. thick fibrous part of the 
myocardium as in our fatal case. In a third 
ease*8 signs of cardiac tamponade appeared 
suddenly on the fourth day after the punc- 
ture but then spontaneously subsided. Mor- 
row et al.*° observed one case of cardiac 
tamponade in seven direct left ventricular 
punctures. Botham et al.** reported one case 
of cardiac tamponade that necessitated thora- 
eotomy. The needle had been left in situ for 
15 minutes. 

In our two fatal cases cardiac tamponade 
was at once suspected but unfortunately 
thoracotomy (or pericardial puncture) was 
not performed until cardiac arrest suddenly 
appeared. It is possible that immediate inter- 
vention might have prevented the fatal out- 
come. 

It seems probable that the amount of blood 
in the pericardial cavity can be rather large 
without causing signs of tamponade. Of the 
69 cases reported by Lehman et al.?! 35 were 
operated upon 1 to 20 days after the puncture. 
Eleven cases were found to have 50 to 100 ml. 
of blood in the pericardium, two cases 100 to 
200 ml., and in one case 300 ml. In no case 
were there clinical signs of cardiac tampo- 
nade. Green et al.** reported thoracotomy in 
18 cases immediately after the puncture and 
generally found 75 to 100 ml. of blood; in one 
ease, 150 ml. None of these cases showed clini- 
eal signs of cardiac tamponade in spite of a 
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rather large hemopericardium. The explana- 
tion is probably that the bleeding had been 
slow. On the other hand, small but rapid 
bleeding might cause signs of tamponade. 

In the available literature no report has 
been seen of a lacerated coronary vessel as 
the cause of hemopericardium after left ven- 
tricular puncture. This was the mechanism in 
one of our cases (L.B.) in which thoracotomy 
was performed. Preoperatively there had been 
a strong suspicion of a ventricular septal de- 
fect. 

Hemopericardium with cardiac tamponade 
should be suspected when a fall in blood pres- 
sure reappears some minutes after the pro- 
cedure. In our experience the electrocardio- 
gram has not been very helpful. Only stand- 
ard lead II has been used and there have been 
no diagnostic ST-T alterations. Likewise the 
chest radiographs taken about 10 minutes 
after the puncture have been normal in all 
cases, with unaltered size silhouette. Thus, it 
is not probable that studying the heart size 
during the Valsalva maneuver would be help- 
ful for the diagnosis of pericardial effusion. 
We have not been observant regarding the 
presence of the pulsus paradoxus, as is de- 
seribed in pericardial effusion. 

When cardiac tamponade is suspected, 
urgent therapy is necessary. Pericardiocente- 
sis should be carried out as rapidly as possible, 
in the ward or in the cardiac laboratory. If 
immediate, significant, and lasting rise in 
blood pressure is not obtained, another punc- 
ture is performed. If the patient still is hypo- 
tensive, a thoracotomy is performed at once. 
Bishop et al.*5 have used the electrocardio- 
gram as a safeguard during pericardial punc- 
ture. An argument in favor of thoracotomy 
might be the possibility of finding and prop- 
erly treating the bleeding site. 

The one case of faulty (extravascular) con- 
trast injection of Ponsdomenech et al.1® had 
the contrast deposited in the pericardium with 
no untoward effects. The case of Smith et al.!® 
with ventricular fibrillation, cited above, was 
due to contrast injection near a coronary ar- 
tery. The same authors reported that the nee- 
dle once entered a distended stomach, appar- 
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ently with no ill effects.17 Lehman** lost three 
eases due to intramyocardial injection, one 
ease not until 6 months later and due to bolus 
of contrast substance in the septum causing 
heart block. Seven other cases survived. 
Greenberg et al.** reported six faulty injec- 
tions, four into the myocardium, one into the 
pericardium, and one into both. There were 
transient electrocardiographic abnormalities 
but no sequelae. Our fatal case was a 9-month- 
old boy; in infants this procedure should be 
avoided. In a 6-month-old girl with mitral 
insufficiency and ventricular septal defect, 
however, the puncture with angiocardiography 
was successful but the contrast medium was 
injected manually. In no case did we errone- 
ously inject into the right ventricle. This 
occurred in 12 injections by Lehman et al.?? 

Certain precautions should be undertaken 
to prevent this complication.’” 24 The needle 
must be short-beveled, preferably with a blunt 
end and a sharp mandrin. Side-holes might 
give better contrast mixing but would be more 
dangerous because a free pressure curve 
would not guarantee a completely free posi- 
tion in the cavity. The pressure curve should 
be free immediately before the injection (as 
it was, however, in our fatal case). The pa- 
tient must hold his breath during the 2 to 3 
seconds of injection. In agitated patients gen- 
eral anesthesia might be preferred ; in infants, 
it is necessary. The pressure curve must be 
unchanged and free when the needle is moved 
in different directions. Lehman et al.*1 do a 
gradual withdrawal until the curve becomes 
damped, then push the needle in about 0.5 
em. A test injection of 1 ml. of contrast solu- 
tion under electrocardiographic control is 
used by McCaughan et al.?° as a safeguard 
against extravascular injection. These precau- 
tionary measures should be taken immediately 
before angiocardiography, and in the same 
phase of respiration used during the contrast 
injection 

The whole procedure should not take longer 
than about 5 minutes. The gage of the needle 
seems to be of some importance, as is seen 
from table 5. Fleming et al.?* experienced 
three cases with cardiac tamponade when 
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changing from a needle with a 1.25-mm. outer 
diameter, to one with 1.5 mm., in order to fa- 
cilitate catheterization of the aorta. In these 
cases, however, the prolonged time may be the 
chief cause. On the other hand, a needle with 
smaller diameter is less suitable for angio- 
cardiography, as the contrast medium will be 
injected too slowly. 


Summary and Con:lusions 

In a series of 142 percutaneous left ven- 
tricular punctures we have encountered 11 
eases of major complications with three fatal- 
ities. About 900 left ventricular punctures are 
reviewed, with a total of 8 fatal complications, 
i.e., less than 1 per cent. The fatal cases were 
to the same extent due equally to cardiac tam- 
ponade and intramyocardial deposition of con- 
trast material. 

To prevent cardiac tamponade the needle 
should be as small as practicable, and the nee- 
dle left in the heart as short a time as possible. 
Great care should be exercised when ischemic 
heart disease is suspected. Cardiac tamponade 
requires prompt diagnosis and immediate 
treatment. 

The risk of faulty contrast deposition may 
be minimized by ensuring the free position of 
the needle end in the ventricular cavity im- 
mediately before angiocardiography. This 
risk is larger in small infants with a small 
ventricle. 

The puncture always must be performed 
with continuous electrocardiographie control. 
Ventricular fibrillation must be immediately 
diagnosed and treated, but fortunately it is 
rare. 

The percutaneous puncture can be per- 
formed either by the subxiphoid or the inter- 
costal method. The frequency of cardiac tam- 
ponade was nearly four times greater with the 
latter method. On the other hand there is a 
higher frequency of extravasal contrast in- 
jection with the subxiphoid method. The ques- 
tion of which method is safest cannot be 
answered yet. 

In our opinion, percutaneous left ventricu- 
lar puncture combined with selective left ven- 
tricular angiocarGiography is a practical 
method that gives valuable information re- 
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garding rheumatic heart disease, especially 


aortic stenosis and mitral insufficiency. It is, 
however, associated with a definite morbidity, 
some of which cannot be avoided. This method 
should therefore be performed only in the in- 
vestigation of cases for major heart surgery. 
At least in cases without tight aortic stenosis 
retrograde aortic catheterization of the left 
ventricle is, according to our experience in 
the last year, a more secure and equally in- 
‘formative method. Retrograde left ventricular 
angiocardiography may immediately be fol- 
lowed by aortography to evaluate competence 
of the aortic valve. 


to 


~ 


> 10. 


\- 


_ 
4 





Circulation, Volume XXIV, August 1961 


References 

RavDNER, S.: Technical equipment for vasal cathe- 
terization. Acta radiol. 31: 152, 1949. 

ZIMMERMAN, H. A., Scort, R. W., AND BECKER, 
N. O.: Catheterization of the left heart in 
man, Circulation 1: 357, 1950. 

Limon-Lason, R., ALVAREZ, R. V., AND BOUCHARD, 
F.: El ecateterismo intracardiaco. Arch. Inst. 
eardiol. México 20: 271, 1950. 

BsgOrK, V. O., BLAKEMORE, W. S., AND MALM- 
strom, G.: Left ventricular pressure measure- 
ment in man, Am. Heart J. 48: 197, 1954. 

Morrow, A. G., BRAUNWALD, E., HALLER, J. A., 
AND SHarP, E. H.: Left heart catheterization 
by transbronchial route. Circulation 16: 1033, 
1957. 

Ross, J., JR.: Transseptal left heart catheteriza- 
tion. Ann. Surg. 149: 395, 1959. 


. CULLHED, I., Bsérx, V. O., AnD Lopin, H.: The 


study of aortic stenosis with percutaneous left 
ventricular puncture for pressure registration 
and selective angiocardiography. Proceedings 
of the Third European Congress of Cardiology 
B: 625, 1960. 

Maters, E., By6rK, V. O., AND Lopin, H.: 
Selective left ventricular angiocardiography in 
the diagnosis of mitral insufficiency. Proceed- 
ings of the Third European Congress of 
Cardiology B: 633, 1960. 

Bsérx, V. O., Lovin, H., AnD MAters, E.: The 
evaluation of the degree of mitral insufficiency 
by selective left ventricular angiocardiography. 
Am. Heart J. 60: 691, 1960. 

Brock, R., MILSTEIN, B. B., AND Ross, D. N.: 
Percutaneous left ventricular puncture in the 
assessment of aortic stenosis. Thorax 11: 163, 
1956. 


. Busdrx, V. O., AND Lopin, H.: Left heart cathe- 


terization with selective left atrial and ven- 
tricular angiocardiography in the diagnosis 


13. 


14, 


16. 


Le. 


18. 


21. 


99 


24. 


25. 


°6 


27. 


29. 


211 


of mitral and aortic valvular disease, Progr. 
Cardiovase. Dis. 2: 116, 1959. 

SEMPLE, T., AND LANCASTER, W. M.: Noisy 
pneumothorax—a pitfall in cardiac diagnosis. 
Proceedings of the Third European Congress 
of Cardiology B: 1183, 1960. 

CoHEN, M. G., AND Pastor, B. H.: Delayed 
cardiac arrhythmias following non-cardiac 
thoracic surgery. Dis. Chest 32: 435, 1957. 

MA.LerRs, E., BsOrK, V. O., CULLHED, I., AND 
Lopin, H.: Transposition functionally totally 
corrected, associated with ‘‘mitral’’ insuffi- 
ciency. Am. Heart J. 59: 816, 1960. 

NuNEz, V. B., AND PONSDOMENECH, E. R.: Heart 
puncture. II. Cardioangiography: Clinical and 
electrocardiographie results. Am. Heart J. 41: 
855, 1951. 

PONSDOMENECH, E. R., AND NUNEZ, V. B.: Heart 
puncture in man for diodrast visualization of 
the ventricular chambers and great arteries. 
Am. Heart J. 41: 643, 1951. 

Smitru, P. W., Wiuson, C. W., Creae, H. A., 
AND Kuassen, K. P.: Cardioangiography. J. 
Thoracic Surg. 28: 273, 1954. 

Crece, H. A., SmitH, P. W., Witson, C. W., 
AND BULL, J. W.: Cardioangiography. Radi- 
ology 65: 369, 1955. 

Smiru, P. W., Crece, H. A., AND KLASSEN, K. P.: 
Diagnosis of mitral regurgitation by cardio- 
angiography. Circulation 14: 847, 1956. 

McCauGHAN, JR., J. J.. AND Pats, J. W.: 
Aortography utilizing percutaneous left ven- 
tricular puncture. Arch. Surg. 75: 746, 1957. 

LEHMAN, J. S., Musser, B. G., AND LYKENS, 
H. D.: Cardiae ventriculography. Am. J. 
Roentgenol. 77: 207, 1957. 

LEHMAN, J. S., Boyer, R. A., AND WINTER, F. S.: 
Coronary arteriography. Am. J. Roentgenol. 
81: 749, 1959. 

LEHMAN, J. S.: Cardiae ventriculography. Progr. 
Cardiovase. Dis. 2: 52, 1959. 

GREENBERG, B. E., AND Knox, F. H.: Faulty 
contrast medium injection in percutaneous 
ventricular puncture. Radiology 75: 85, 1960. 

Nuvoul, I.: Cited by Brock et al.” 

BUCHBINDER, W. C., AND Katz, L. N.: Intra- 
ventricular pressure curves of the human heart 
obtained by direct transthoracic puncture. 

Proc. Soe. Exper. Biol. & Med. 71: 673, 1949. 

FLEMING, P., AND GIBSON, R.: Percutaneous 
left ventricular puncture in the assessment of 
aortic stenosis. Thorax 12: 37, 1957. 

FLemMiInG, H. A., Hancock, E. W., MILsTEIn, 
B. B., anp Ross, D. N.: Pereutaneous left 
ventricular puncture with catheterization of 
the aorta. Thorax 13: 97, 1958. 

Ross, D. N.: Percutaneous left ventricular pune- 








BJORK ET AL. 


ture in the assessment of the obstructed left gical applications of anterior percutaneous left 
ventricle. Guy’s Hosp. Rep. 108: 159, 1959. heart puncture. Surgery 43:.1, 1958. 
30. Morrow, A. G., BRAUNWALD, E., AND SHARP, E.: 33. ConoLty, J. E.: Left ventricular puncture in 
The clinical features and surgical treatment the assessment of aortic stenosis. J.A.M.A. 
of congenital aortic stenosis. Progr. Cardiovasc. 171: 160, 1959. 
Dis. 1: 80, 1958. 34. Boruam, R. J., Rowe, G. G., anD Youna, W. P.: 
31. Yu, P. N., Lovesoy, Jr., F. W., SCHREINER, B. F., Pericardial tamponade following percutaneous 
LEARY, R. H., STANFIELD, C. A., AND WALTHER, left ventricular puncture. Circulation 19: 741, 
H.: Direct left ventricular puncture in the 1959. 
evaluation of aortic and mitral stenosis. Am. 35. BisHop, Jz., L. H., Estes Jr., E. H., ann 
Heart J. 55: 926, 1958. McIntosH, H. D.: The electrocardiogram as 
32. GREENE, D. G., SHARP, J. T., GrirriTH, G. T., a safeguard in pericardiocentesis. J.A.M.A. 
BUNNELL, I. L., AND MacManus, J. E.: Sur- 162: 264, 1956. 


The Early History of Precision in Medicine 

The latter part of the 16th and the first half of the 17th centuries was a germinal 
period in medicine. It saw advances in anatomy and physiology, which led up to Har- 
vey’s splendid discovery. It saw, too, the failure of his thesis to influence medical prac- 
tice immediately or largely. The same period in Italy beheld the first attempts at 
precision as regards temperature and the study of the pulse. This was the birth era of 
instrumental accuracy in medicine, but many a day went by before the infant attained 
to useful manhood. Most strange it is that the seeds of scientific thought as to the first 
heat records and the pendulum were cultivated in the garden of medicine. Between 
1593 and 1597 Galileo, sometime a student of medicine, invented the crude open ther- 
mometer or thermoscope. .. . 

The thermometer of Galileo was, as I have drawn it (fig. 2), a tube of glass, open 
below and ending above in a bulb. This bulb having been warmed the open end of the 
tube was set in water, so that as the bulb cooled, the water rose in the tube. Then any 
heat applied to the bulb caused the water to descend, the reverse of that which occurs 
in the more modern instrument. This coarse thermoscope was obviously a barometer 
as well as a rude measurer of the change of temperature. A slight change in the weight 
of the atmosphere might easily neutralize an increase of heat. It was not an accurate 
instrument, nor does Galileo seem to have rated it highly since he nowhere mentions 
it in his works. Others thought more of it. The approximate date of this invention is 
set for us by one Padre Benedetto Castelli, in a letter about the treatment of a wounded 
man, written to one Cesarini, in 1638. He calls to mind the fact that Galileo had thirty- 
five years before shown him the air thermometer—S. Wetr Mircueti, M.D. The Early 
History of Instrumental Precision in Medicine, Transactions of the Congress of American 
Physicians and Surgeons, Second Triennial Session held at Washington, D.C., 1891. New 
Haven, The Congress, 1892, p. 166. 
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Study of the Mechanism of Hyperlipemia 


Serum Chylomicron Fatty Acid Patterns of Hyperlipemic Patients 
before and after the Ingestion of Different Food Fats 


By Peter T. Kuo, M.D., ArrHur F. WHeEreat, M.D., Davi R. Bassert, M.D., 
AND Ezra Stape, M.D. 


URRENT epidemiologic, experimental 
and clinicopathologic studies indicate 
that elevation of serum lipid levels caused 
by hereditary, nutritional, or pathologie fac- 
tors are correlated with an increased fre- 
quency of atherosclerosis. Among the various 
abnormal plasma lipid patterns described in 
patients with coronary artery disease, an 
increase in the fasting triglyceride-rich chylo- 
microns (hyperlipemia)'? together with a 
prolonged and intensified alimentary lipe- 
mia** appears to constitute the best labora- 
tory index of probability of the disease. In 
examining this correlation from another di- 
rection, many investigators have reported an 
increased incidence of coronary atherosclero- 
sis among patients with idiopathic hyperlipe- 
mia and among their family members." 
In the present study, an attempt has been 
made to identify the source of the plasma 
chylomicrons in hyperlipemie patients who 
are known to have coronary or peripheral 
arterial diseases by analyzing the composi- 
tions of their serum chylomicron fatty acids 
during fasting and at various intervals fol- 
lowing the feeding of cream, corn, and coco- 
nut oils. 
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Experimental Procedure and Methods 


A series of ten patients, eight men and two 
women, with various degrees of hyperlipemia and 
clinical evidences of coronary or peripheral arte- 
rial disease was used in this study. The ages of 
these patients ranged between 36 and 61 years. 
While on a full American diet, their fasting serum 
triglyceride concentrations were in the range of 
336 to 3,020 mg. per cent. 

Initially, all patients were placed on a full diet 
for 4 to 6 weeks. After this preparatory period, 
three fasting blood samples (obtained 12 hours 
after the previous meal) were taken at 3-day in- 
tervals from each patient for determinations of 
plasma lipid concentrations and for isolation of 
serum chylomicrons. During the ensuing 10 to 14 
days, each patient was fed three special break- 
fasts, one of 40 per cent cream, one of coconut 
oil, and one cf corn oil emulsion. The dose was 
1.5 Gm. of cream fat or oil per Kg. of body 
weight. A second cream feeding of 2.5 Gm. per 
Keg. of body weight was given to three of the pa- 
tients after the completion of this series of three 
tests. In each test, blood samples were taken dur- 
ing fasting and at 2- to 3-hour intervals for 12 
hours after ingestion of the fatty meal. 

After completing the feeding experiments, eight 
patients were placed on a low-fat diet estimated 
to contain about 1,600 to 1,800 calories and less 
than 35 Gm. of total fat per day for 8 to 24 
weeks. Fish, shell-fish, chicken, and turkey were 
the chief sources of dietary proteins and fats dur- 
ing this period on a low-fat diet. The remaining 
two patients were given a diet consisting only of 
rice, fruit, and vegetables, 1,000 to 1,200 calories 
per day, for 4 to 8 weeks. After about 3 weeks of 
the dietary program, fasting blood samples were 
taken from each patient at weekly intervals for 
triglyceride estimations. Analyses of the serum 
chylomicron fatty acid content were performed 
after their fasting serum triglyceride concentra- 
tions had been decreased to or below 300 mg. per 
cent. 

Six male medical students and four female lab- 
oratory technicians from 18 to 26 years of age 
were studied as controls. All subjects were clini- 
cally healthy and consumed a full American diet. 
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Table 1 
Fatty Acid Composition of Fasting Serum Chylomicrons and of Depot Fat in Ten 


Young and Healthy Subjects (Mean and Range in Per Cent)* 


16:0 16:1 18:0 18:1 18:2 





Fatty acids 12:0 14:0 14:1 
Source 
Serum chylomicra, 
fasting 
(full diet) 
1.4 2.6 1.5 31.1 3.8 9.2 27.6 22.7 
Cream layer (1.0-2.9) (1.5-3.7) (0.7-2.3) (29.8-36.2) (2.2-5.4) (6.1-12.8) (24.2-31.3) (17.8-25.0) 
1.3 2.5 1.0 34.9 3.7 11.2 22.4 23.0 
Saline layer (0.7-2.3) (1.5-3.1) (0.7-2.1) (30.8-37.6) (2.8-6.6) (6.3-13.1) (19.8-27.8) (18.0-28.7) 
2.0 5.6 2.2 24.7 5.8 4.6 44.9 10.1 
Depot fat (1.1-3.9) (4.4-8.0) (1.7-3.6) (22.7-30.6) (5.5-6.1) (3.7-6.5) (41.9-49.4) (8.4-11.9) 





*In serum, the very light ‘‘cream’’ 





and the heavier ‘‘saline’’ layers are analyzed separately. 


Table 2 


Clinical Data and Serum Lipid Levels of Ten Hyperlipemic Patients 











Coronary Peripheral 
artery vascular 





Patient Sex Age disease disease 
H.A. M 61 = oe 
R.M. M 52 + _ 
H.N. F 52 a — 
D.H. F 41 + + 
J.H. M 38 a a 
H.S. M 50 ao aa 
M.C. M 61 ~ os 
C.W. M 48 = a 
M.G. M 54 a _ 
G.H. M 36 os _ 





In this group, the special breakfast program was 
instituted as described in the hyperlipemic group, 
after an initial sample of blood had been taken in 
a manner similar to that used in the hyperlipemic 
patients. They were bled at 2- to 3-hour intervals 
for 6 hours following ingestion of each fatty 
meal. Blood samples were also taken from two 
patients and three normal subjects at the peak of 
their alimentary lipemias, following ingestion of a 
full-course dinner, for determination of their 
serum chylomicron fatty acid patterns. 

Subcutaneous fat was obtained in each subject 
by a small biopsy. The tissue obtained was first 
washed free of blood by vigorous shaking in sev- 
eral portions of saline. It was then ground into 
a fine suspension and centrifuged. 

Triglycerides and chylomicrons were isolated 
from the tissue emulsion and serum samples by 
flotation into the previously layered saline solution, 
density 1.006, at 58,000 x g. for 30 minutes. Two 
gross fractions of saline floatable lipids were col- 
lected from each serum specimen: (a) a “cream” 
layer at the top of the tube and (b) a relatively 
clear or slightly turbid “saline” layer. The “cream” 
layer was collected by gentle suction and purified 
by a further washing in saline. Because of the 





Blood lipid ranges (mg. per cent) 








Total 
cholesterol Phospholipid Triglyceride 
206-262 180-238 336-473 
222-276 204-301 410-580 
535-614 583-643 1,780-2,230 
430-494 298-343 393-481 
472-628 583-742 984-1,879 
382-394 333-395 520-725 
219-280 385-398 1,250-1,658 
317-369 355-370 376-556 
442-464 410-455 2,718-3,020 
304-366 373-410 405-590 


known difficulty in effecting a clear-cut separation 
between chylomicrons and very low density lipo- 
proteins, both the purified eream layer (contain- 
ing mostly chylomicrons and little very low den- 
sity lipoproteins) and its subnatant saline phase 
(containing very low density lipoproteins and 
variable proportions of chylomicrons) of each 
specimen of serum were subjected to chromato- 
graphic analysis separately. The two fractions will 
be identified as “cream” and “saline” layers re- 
spectively henceforth. 

Samples of cream, corn oil, coconut oil, serum 
chylomicron fractions, and tissue fat were ex- 
tracted with chloroform/methanol according to 
the method described by Bragdon.!* Methyl esters 
of the fatty acid mixtures were prepared by the 
method of Stoffel and his associates.13 The methyl 
esters formed were extracted into redistilled hex- 
ane and then concentrated by evaporation under 
nitrogen. The fatty acid composition of each sam- 
ple was analyzed by gas-liquid chromatography. 

Gas chromatography was performed according 
to the procedure outlined by Farquhar and his 
associates! with use of a Barber Coleman Model 
10 chromatograph with an argon-ionization detec- 
tor.15 The standard 6-foot glass column was 
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Figure 1 


Hollow bars present the mean percentages of 
major fatty acids found in the fasting serum 
chylomicrons of 10 healthy young controls. The 
percentage composition of fatty acids found in 
their depot fat is shown in solid bars. 


packed with chromosorb W that had been coated 
with 15 per cent ethylene glycol succinate as the 
stationary phase. Analysis was carried out at 
186 C., with argon flowing at 100 ml. per minute 
and the voltage of the amplifier was set at 500 
volts. The area of each of the major fatty acid 
peaks from Cy. to Cig in the chromatogram was 
calculated by multiplying the height by half of the 
base.16 The areas were then totaled and the per- 
centage of each component was determined. No 
attempt was made to measure or identify the 
minor constituents. 

In this report, the fatty acids are identified by 
a system of dual symbols to indicate the chain 
length and number of double bonds, as suggested 
by Dole and his associates.17 The degree of lipemia 
was estimated by measuring the triglyceride con- 
centration of the serum by the method of Van 
Handel and Zilversmit.18 


Results 

Fasting State 

The fasting serum of normal subjects con- 
tains few chylomicrons. A satisfactory analy- 
sis can usually be made, however, on a 20-ml. 
sample. The mean and the range of fatty acid 
composition found in the fasting serum 
chylomicrons of the 10 control subjects while 
they were eating a full diet are presented 
in table 1. Four fatty acids, palmitic (16:0), 
stearic (18:0), oleic (18:1), linoleic (18:2), 
constitute over 90 per cent of the total major 
fatty acid components found in each of the 
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Figure 2 
Hollow bars represent the mean percentages of the 
major fatty acids found in the fasting serum chy- 
lomicrons of 10 hyperlipemic patients. The mean 
percentage compositions of these fatty acids in the 
serum following a period of low-fat diet are 


shown in hatched bars; those of their depot fat, 
in solid bars. 


saline floatable fractions (‘‘cream’’ and 
‘‘saline’’ layers) of the serum. Although 
minor differences in mean fatty acid compo- 
sition were observed in the two saline float- 
able serum lipid fractions, generally speaking 
their fatty acid patterns were fairly similar. 
This is most likely due to the fact that the 
fasting serum of normal subjects contains 
few very light chylomicrons of dietary ori- 
gin. On the other hand, the serum chylomicron 
fatty acid composition of these normal sub- 
jects is quite different from that of their 
depot fat, which shows a relatively large 
increase in 18:1 and relative decreases in 
16:0, 18:0, and 18:2 acids. A comparison 
of the chemical compositions of the serum 
chylomicrons and that of the depot fat of 
the normal controls is graphically presented 
in figure 1. 

The clinical diagnoses and blood lipid con- 
centration data of the 10 hyperlipemic pa- 
tients in this series, while consuming a full 
diet, are summarized in table 2. All 10 pa- 
tients had clinical evidence of coronary or 
peripheral arterial disease. 

The fasting serum chylomicron fatty acid 
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Table 3 
Fatty Acid Composition of Serum Chylomicron and Depot Fat in Hyperlipemic Patients 


after Fat Meal (Per Cent Fatty Acids in Means and Ranges) 








Fatty acids 12:0 14:0 14:1 
Source 
Serum chylomicra, 
fasting 
(full diet) 
0.9 3.5 0.9 
Cream layer (0.3-1.2) (2.7-4.2 (0.3-1.4) 
0.8 2.0 0.6 
Saline layer (0.5-1.3) (1.4-2.4) (0-0.7) 
Serum chylomicra, 
absorptive 
(full diet) 
2.1 4.8 1.0 
Cream layer (2.0-2.2) (4.2-5.4) (0.9-1.1) 
Serum chylomicra, 
fasting 
(low fat diet) 
0.9 2.2 0.7 
Cream layer (0.4-1.7)  (1.3-3.3) (0-1.4) 
0.9 2.3 0.8 
Saline layer (0.4-2.1) (1.1-3.3) (0.5-1.4) 
Serum chylomicra, 
fasting 
(rice diet) 
0.4 1.6 0.3 
Cream layer (0.3-0.5) (1.4-1.9) (0.2-0.4) 
0.7 2.1 0.4 
Saline layer (0.6-0.8)  (2.0-2.2 (0.3-0.5) 
1.5 3.3 1.0 
Depot fat (0.9-1.9) (2.2-5.8) (0.7-1.8) 














16:0 16:1 18:0 18:1 18:2 

27.6 5.9 6.4 42.9 11.9 
(25.3-29.1) (2.9-6.9) (5.9-8.9) (41.4-45.1) (8.4-15.3) 

37.4 3.7 7.4 31.8 16.3 
(34.3-39.7) (2.1-6.0) (6.1-7.5) (28.3-35.3) (15.4-19.4) 


26.2 2.3 8.4 45.6 9.6 


5.3-27.0) (1.8-2.8) (8.3-8.6) (44.0-47.1) (8.5-10.8) 

35.8 4.0 7.0 30.4 19.0 
(31.5-39.1) (2.7-5.2) (4.4-10.4) (28.9-33.7) (14.2-23.3) 

36.9 3.7 8.7 26.5 20.2 
(33.0-42.0) (2.2-3.9) (6.4-15.4) (19.6-33.2) (13.3-25.4) 


31.3 7.5 3.8 46.1 9.0 
(29.6-33.1) (6.0-9.0) (3.2-4.3) (45.3-47.0) (8.6-9.3) 
32.2 9.0 4.5 41.6 9.5 
(32.0-32.3) (7.9-10.0) (4.0-4.9) (41.5-41.8) (8.3-10.7) 
27.2 9.9 3.5 46.9 6.7 
(20.8-31.1) (8.3-14.3) (2.1-5.6) (43.7-49.5) (4.5-10.1) 











pattern of these patients was found to vary 
with the dietary program they had received. 
The means and the ranges of the serum 
chylomicron fatty acid components of these 
patients while consuming a full American 
type of diet for 4 or more weeks (10 
patients), a low-fat diet for 3 to 6 weeks 
(eight patients), and a rice, fruit, and vege- 
table diet for 4 to 8 weeks (two patients) 
are listed in table 3. Analyses made on the 
depot fat and on serum chylomicrons obtained 
at the height of absorption of a regular meal 
are also included, for comparative study. 
While on a full diet, the fasting sera of the 
hyperlipemics differed from those of the 
normal controls in these respects: (a) follow- 
ing ultracentrifugation, a thick layer of 
butter-like substance was floated on top of 
the saline phase; (b) the fatty acid pattern 
of this cream layer showed a relative increase 
in 18:1 and relative decreases in 16:0, 18:0, 
and 18:2 fractions; (c) this chylomicron 





fatty acid pattern resembled that of the 
depot fat and also that of alimentary lipemia 
following the ingestion of a regular meal, 
either by a normal or a hyperlipemic subject ; 
(d) considerable differences in the fatty acid 
composition between the lipid materials in 
the ‘‘cream’’ and ‘“‘saline’’ layers were 
observed. 

At various intervals, following the institu- 
tion of a low-fat dietary regimen, the fatty 
acid pattern of the fasting serum chylomi- 
crons of these patients showed progressive 
changes toward that of the normal controls. 
The composition of the depot fat, however, 
was unchanged. The fatty acid patterns of 
the very light serum chylomicrons observed 
in these patients before and after the use of 
low-fat diet and the pattern obtained from the 
depot fat are compared in the bar graphs in 
figure 2. 

While they were receiving a rice, fruit, and 
vegetable diet with a total intake of 1,000 
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to 1,200 calories per day, the fasting serum 
fatty acid pattern of two hyperlipemic sub- 
jects became practically identical with that 
of their depot fat, suggestive of mobilization 
of glycerides from the depot. In contrast to 
dietary fat, which tended to be concentrated 
in the ‘‘cream’’ layer, the mobilized liquid 
appeared to distribute itself fairly evenly in 
both the ‘‘cream’’ and the ‘‘saline’’ layers 
of the serum chylomicrons. Hence, in this 
condition, the fatty acid patterns of the 
two serum chylomicron fractions and the 
depot fat were fairly similar. Essentially the 
same findings were obtained in three patients 
with severe malabsorption syndrome. These 
changes were not observed in two hyper- 
cholesteremic patients who went on a rice 
and fruit diet for 6 weeks, and in two other 
hyperlipemic patients who were kept on a 
rice diet for more than 6 months, but were 
maintained on a total intake of more than 
2,000 calories per day. 
Feeding Experiments 

Analyses of the serum chylomicrons of 
normal subjects receiving the test meal fat 
and obtained at the peak of alimentary 
lipemia, which occurs in most eases 3 hours, 
and at times 5 hours, after the ingestion of 
a fatty meal, are shown in table 4. The data 
emphasize the role of dietary fat in the 
production of alimentary lipemia (fig. 3). 
When 40 per cent cream was fed, the fatty 
acid composition of the serum chylomicrons 
was changed to resemble that of milk fat. 
When corn oil,* which contains mainly 
longer-chain fatty acids, and coconut oil, 
which contains a larger amount of short- 
chain acids, were fed, striking changes oc- 





*Kindly supplied by the Corn Products Refining 
Company, Argo, Illinois. 





Figure 3 
Changes in the mean percentage fatty acid com- 
position of very light serum chylomicrons (hollow 
bars) and the saline floatable heavier density par- 
ticles (solid bars) before and after cream, coconut 
oil, and corn oil feedings in 10 normal controls. 
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Figure 4 
Mean serum triglyceride curves of the control and 
hyperlipemic groups following fatty meal inges- 
tions are compared. 


curred in the serum chylomicron composi- 
tion in the direction of the administered oils. 
Cream, corn oil, and coconut oil feedings 
given to hyperlipemice patients resulted in 
an intensified and prolonged alimentary 
lipemia. Their elevated serum triglyceride 
concentration curve continued to rise at a 
time interval when the much lower curve of 
the controls was dipping toward its fasting 
level (fig. 4). This phenomenon was exag- 
gerated by increasing the dosage of the 
administered fat from 1.5 to 2.5 Gm. per 
Kg. of body weight. The data on serum 
chylomicron fatty acid composition during 
peak intestinal absorption, 6 to 12 hours 
following cream, corn oil, and coconut oil 
feedings, are shown in table 4 and figure 5. 
Like the normal controls, the fatty acid pat- 
terns of the very light serum chylomicrons 
of these patients were also practically identi- 
eal to those of the administered fat. This 
remarkable degree of similarity between the 
compositions of serum chylomicrons and of 
food fats was achieved in these patients, 
despite the presence of severe degrees of 
hyperlipemia. 
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Discussion 

Isolation of chylomicrons from serum is 
usually made by layering the latter under 
physiologic saline and centrifuging it for 
10 to 30 minutes at 9,000 to 100,000 g.1® 2° 
The centrifugal force concentrates the very 
lowest density particles to form a ‘‘cream’”’ 
layer at the top of the tube, and floats the 
heavier molecules into the saline phase. In 
view of the known inhomogeneity of chylo- 
microns and the inability to obtain a clean 
separation between them and the very low 
density lipoproteins,?*? analyses of the 
fatty acid composition were carried out in 
both the ‘‘eream’’ and the, ‘‘saline’’ layers 
of each blood sample in the present study. 

In their study of the fatty acid pattern 
of plasma chylomicrons of normal subjects 
during alimentary lipemia, Dole and his 
associates’? have stressed the relative stability 
of the serum chylomicron fatty acid compo- 
sition during the period of fat absorption. 
They suggested that dietary fat did not 
contribute significantly to alimentary lipemia. 
In similar feeding experiments made on rats 
and normal human subjects, however, Brag- 
don and Karmen** found a close similarity 
in fatty acid composition between the serum 
chylomicrons and the ingested fats. The data 
obtained in this present study are confirma- 
tory of the work of the latter group in that, 
following fat feeding, the serum chylomicron 
fatty acid pattern of normal subjects was 
found to be practically identical with that 
of those fed food fat. This observation was 
extended to the group of hyperlipemic pa- 
tients. We are also in agreement with 
Bragdon and Karmen that unless suitable 
precautions are taken, the collected creamy 
layer of chylomicrons could be heavily con- 
taminated with lipid particles not of 
immediate dietary origin. In fact, washing 
and resuspending the carefully aspirated 
‘‘eream’’ layer in larger amounts of physi- 
ologic saline has been found to be more 
important than either the duration or the 
foree of centrifugation used in the isolation 
of a relatively pure light chylomicron frac- 
tion. 
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Table 4 
Fatty Acid Composition of Serum Chylomicron and Depot Fat in Hyperlipemic Patients 


after Ingestion of Cream and Coconut and Corn Oils 


Fatty acids 12:0 14:0 14:1 











16:0 16:1 18:0 18:1 18:2 

Source 
1. Dairy cream 4.7 17.3 2.2 40.5 1.8 9.5 23.1 0.8 
Serum chylomicra 
(a) eontrols 

4.1 11.9 A 35.9 1.9 9.6 28.2 6.6 
Cream layer (2.1-6.3) (9.2-14.4) (1.5-1.9) (31.6-42.1) (1.7-2.3) (8.1-12.0) (24.7-32.5) (4.3-11.0) 

a7 3.7 0.9 38.5 2.5 8.7 28.6 


Saline layer (2.6-4.2) 


Serum chylomicra 
(b) hyperlipemies 


15.4 
(0.4-1.6) (33.0-41.7) (1.6-3.7) (4.8-11.8) (24.4-34.0) (10.5-19.4) 


3.2 11.9 1.5 8 2.9 8.5 24.8 4.3 
Cream layer (2.0-4.0) (10.0-14.5)  (0.9-2.0) (39.4-45.4) (2.0-4.5) (7.9-10.0) (23.0-29.1) (3.0-5.7) 
1.8 4.6 1.3 37.3 4.3 7.3 30.4 13.2 
Saline layer (0.9-3.3) (2.7-8.9) (0.8-4.6)  (33.9-43.4) (2.9-5.8) (5.0-11.2) (25.7-38.1) (10.0-20.8) 
2. Coconut Oil 72.5 16.2 —— 5.6 —- 1.6 2.8 1.2 
Serum chylomicra 
(a) eontrols 
49.7 16.1 ~ 14.6 1.1 4.0 10.0 4.6 
Cream layer (38.2-65.8) (10.9-20.7) — (12.3-20.8) (0.7-1.6) (2.4-6.2) (8.8-15.6) (2.4-6.6) 
28.1 12.5 1.3 24.8 2.2 6.5 16.2 8.4 
Saline layer (27.4-28.8) (11.1-14.0) (0.5-2.5) (23.1-26.6) (1.1-3.1) (3.8-10.3) (13.9-20.1) (4.7-11.6) 
Serum chylomicra 
(b) hyperlipemies 
42.2 14.4 — 18.2 2.3 3.2 13.9 5.7 
Cream layer (32.7-59.2) (11.3-20.7) — (13.4-20.7) (1.1-5.3) (2.0-4.6) (7.9-20.9) (3.2-8.6) 
9.0 5.1 1.5 34.4 4.5 4.9 30.7 10.0 
Saline layer (5.7-11.6) (4.0-6.3) (1.1-2.8)  (27.4-40.3) (2.7-6.5) (3.8-6.6) (27.5-36.0) (7.5-14.9) 
3. Corn Oil a -- _ 12.4 - 1.4 26.7 59.4 
Serum chylomicra 
(a) eontrols 
0.5 0.7 0.2 14.0 0.7 1.9 26.3 55.7 
Cream layer (0-0.8) (0-1.4) (0-0.7) (13.2-14.7) (0.4-1.2) (1.7-2.8) (22.5-31.4) (51.2-59.8) 
1.3 2.5 1.0 31.2 2.2 6.3 27.3 28.2 
Saline layer (0.5-1.6) (1.1-2.9) (0.5-2.6) (28.4-36.5) (1.4-3.2) (3.9-8.4) (23.4-28.3) (21.0-31.1) 
Serum chylomicra 
(b) hyperlipemies 
0.5 1.1 -= 19.0 13 2.6 29.7 45.9 
Cream layer (0.3-0.6) (0.6-1.8) == (15.3-22.0) (1.0-2.5) (1.9-3.1) (26.4-36.7) (40.8-57.2) 
14 2.9 35.8 4.3 7.6 28.5 18.5 


1 
Saline layer (0.8-2.8) (1.3-4.5) (0.9- 





During a period of unrestricted dietary 
fat intake, the fasting serum of hyperlipemic 
patients is rich in chylomicrons of various 
densities; and it is particularly rich in the 
very lowest density particles, which are con- 
centrated in the ‘‘cream’’ layer following 
centrifugation. The fatty acid pattern of this 
‘“‘eream’’ layer was found to simulate closely 
that of alimentary lipemia, produced by the 
ingestion of a meal rich in animal fats. 
Restriction in the dietary intake of animal 
fats in these patients resulted in the clearing 
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(27.7-39.2) (3.4-7.3) (5.0-12.3) (21.1-41.5) (16.4-26.1) 


of the lipemia, a decrease in the volume of 
the very light cream layer of chylomicrons, 
and a change in its fatty acid composition 
(a relative decrease in C18:1 and relative in- 
erease in C16:0, C18:0 and C18:2 acids). 
Conversely, following the administration of 
eream and different oils, the serum fatty acid 
compositions in the ‘‘cream’’ layers of normal 
and hyperlipemic subjects became practically 
identical with that of those fed fats. These 
findings indicate that under ordinary cir- 
cumstances dietary fat is the chief source of 
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the very light serum chylomicron fraction 
in both normal and hyperlipemic subjects. 

The relative similarity of the fatty acid 
patterns of the fasting serum chylomicrons 
and the very lowest density lipoproteins of 
normal subjects and hyperlipemic patients 
following the clearing of their lipemias, is 
suggestive of a common origin of these serum 
lipids, for example, lipogenesis from car- 
bohydrate and other nonfat substances. The 
few minor differences in fatty acid composi- 
tion observed among them can be explained 
by the extent to which these fractions are 
contaminated by the very light chylomicrons 
of exogenous origin. ‘ 

Depot fat represents still another source 
of serum lipids.2®> The mobilized fat appears 
to have a tendency to distribute itself among 
the various serum chylomicron fractions. 
Therefore, when fat mobilization from the 
depot is accelerated, as by the use of rice 
diet with restricted calories, and starvation 
due to severe malabsorption, the fatty acid 
patterns of the various serum chylomicron 
fractions are found to be similar to one 
another. The patterns of all these fractions 
are in turn similar to that of the depot fat. 

Thus, serum chylomicrons may represent 
mixtures of triglycerides of three origins: 
diet, fat depot, and synthesized fat. Data 
obtained from the present study indicate 
that dietary fat is chiefly responsible for the 
lipemia in this series of patients. Also, with 
almost total elimination of fat from the 
diet, the lipemia may be maintained, at 
least temporarily, by accelerated mobiliza- 
tion of fat from the fat depot. 


Several mechanisms for hyperlipemia, 
mainly related to defective removal of 
triglycerides from the blood, have been 


reported.?*3° In view of the demonstration 
in patients in this series of a prolonged and 
increasing alimentary lipemia, together with 








Figure 5 
Changes in the mean percentage fatty acid com- 
position of very light serum chylomicrons (hol- 
low bars) and the saline floatable heavier density 
particles (solid bars) before and after cream, 
coconut oil, and corn oil feedings in 10 hyperli- 
pemic patients. 
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a progressive change of the plasma fatty 
acid pattern in the direction of that of the 
ingested fat, an abnormality in the mecha- 
nism in gastrointestinal absorption of fat 
might be considered as an additional factor 
in the production of hyperlipemia. This pos- 
sibility is now being actively investigated 
in this laboratory. 

In analyzing the serum fatty pattern in 
patients with coronary artery disease, James 
and his associates** found a perceptibly high 
oleic acid content and a greater oleic/stearic 
ratio in their acetone-soluble plasma neutral 
fat fraction than in the matched normal 
controls. Because the serum chylomicrons 
were separated by chemical means and not 
by ultracentrifugation, no direct comparison 
ean be made with the findings obtained in 
the present study. Nevertheless, the same 
findings as described by James et al. were 
observed in this series of patients, when 
they had either an absolute or a relative 
increase in the very light chylomicrons in 
their fasting sera. The possible correlation 
between the very light serum chylomicron 
fraction and its fatty acid composition with 
coronary artery disease deserves further 
and more thorough investigation. 


Summary 

The fatty acid patterns of the serum chylo- 
microns of 10 normal and 10 hyperlipemic 
subjects were determined by gas-liquid chro- 
matography, before and after feedings of 
cream, corn oil, and coconut oil. Their depot 
fat composition was analyzed. Changes in 
the composition of the fasting serum chylo- 
microns of these hyperlipemic patients after 
they were stabilized on low fat, and rice 
and fruit diets were also studied. 

Upon a full American diet, after 12 hours 
of fasting, the fatty acid pattern of the 
very light serum chylomicrons of the hyper- 
lipemic patients was found to reflect that 
of the ingested fats, consisting chiefly of a 
mixture of saturated animal fats. The effect 
of food fats was less evident in. the heavier 
serum chylomicrons and very low density 
lipoprotein fraction of these patients, where 
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the pattern of endogenously synthesized fat 
predominated. 

A low-fat diet in eight of these patients 
caused a significant lowering of the serum 
ehylomicron (triglyceride) concentration and 
a shift of chromatographic pattern of the 
very light serum chylomicrons toward that 
of the non-hyperlipemic subjects. It is appar- 
ent that the clearing of the exogenous fats 
from the serum permits the endogenous lipids 
to dominate the picture. 

A low caloric rice and fruit diet appeared 
to arouse a temporary acceleration in the 
mobilization of fat from the body depot in 
two patients. In these patients, the fatty 
acid composition of serum chylomicrons, the 
very low density lipoproteins, and the depot 
fat were found to be similar to one another. 

Dietary fat contributed directly to alimen- 
tary lipemia of the normal and diseased sub- 
jects. At or near the peak of alimentary 
lipemia, the composition of the very light 
serum chylomicrons of all subjects was found 
to be practically identical with the ingested 
fat. Alimentary lipemia of hyperlipemic 
patients was intensified and prolonged. 

A relative increase in oleic acid, together 
with an elevated oleic/stearic ratio has been 
reported in the serum chylomicrons of pa- 
tients with coronary artery disease. The 
same findings occurred in our patients, when 
there was an increase (relative or absolute) 
in the very light serum chylomicrons, due 
either to excessive dietary fat intake or to 
increased mobilization of fat from the depot. 
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The Architecture of the Right Ventricular Outflow Tract 
in the Normal Human Heart and in the Presence 
of Ventricular Septal Defects 


By Ropert P. Grant, M.D., Frep M. Downey, M.D., 
AND HueH MacManon, M.D. 


DETAILED UNDERSTANDING of While this is not the place to reorient cardiac 


the outflow tract of the right ventricle is anatomic nomenclature, it is necessary for 
needed for further progress in the diagnosis the purposes of this study that certain ‘‘place 
and surgical treatment of cono-truncal cardiac names’’ of cardiac morphology be accurately 
anomalies. Previous studies of the muscula- defined. 


ture in this region overlooked or undervalued 
its intrinsic muscular system and considered 
the bulbar musculature simply a part of 
the over-all muscular bundles of the two ven- 
tricles.! * This may have been because the au- 
thors did not take into consideration evidence 
that the musculature of the right ventricular 
outflow tract has a different embryologie ori- 
gin ;than has the remaining musculature of 
the ventricles.*: 4 


Crista Supraventricularis 

This term has been used for widely diverse 
components of the outflow tract. Monckeberg, 
Abbott, and others had defined it as the por- 
tion of the free wall of the right ventricle 
that vaults the outflow tract; the musculature 
of the septum plays no part in this defini- 
tion.>* More recent authors have followed 
Keith® in fitting the term to embryologic the- 
ory. They consider the crista to consist_of two 
muscle bundles on the septal surface of the 


outflow_tract, the ‘‘septal”’ and_ the ‘‘parie- 
tal’’ bundles, which are believed to be derived 


LE 


from _ the two muscular ridges of the fetal 
bulbus cordis.®" And still other authors use 
the term to define a horizontal ridge low on 
the septal surface that separates the inflow 
from outflow portions of the right ventricle. 

The term crista supraventricularis was in- 
troduced by the French anatomist Wolff in 
1791.1" He used it simply to describe the mass 
of right ventricular tissue that lies between 
the tricuspid and pulmonary rings without re- 


The present studies are based upon careful 
dissections of the outflow tracts in normal and 
congenitally abnormal human hearts. The 
studies affirm the existence of an intrinsic bul- 
bar musculature which appears to be only sec- 
ondarily coupled to the remaining ventricular 
musculature and may be different from it in 
still other regards. In addition, the studies 
shed light on the morphogenesis of outflow 
tract anomalies and point to a different theory 
of the manner in which ventricular septal de- 
fects and infundibular stenosis develop than 
has prevailed in the past. 





acini gard to the muscular components it comprised 

Although the heart is a three-dimensional or its embryologie origin. In this — - = 
structure, pathology nomenclature and meth- longs to the free wall of the right ventricle, 
ods for study are essentially one-dimensional. forming the medial wall of the oulllow weet 
Structures are named because they protrude, and against which the aorta curls at its root. 
indent, or marginate rather than because of a Indeed, prior to Wolff, this region had: been 
relationship to over-all functional structure. called the “‘aortic wall” and the ‘fleshy 


pons’’ of the right ventricle. Wolff likened it 


to a spur (‘‘eperon’’). In translating it into 
From the Section on Cardiodynamies of the Labora- P \ ) = 


tory of General Medicine and Experimental Thera- Latin, spur becomes erista ; and perhaps this 
peuties of the National Heart Institute, Bethesda, is where the confusion developed, for the 
Maryland. English language is readier to translate 
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crista as ‘‘crest’’ than ‘‘spur,’’ and the crista 
supraventricularis has been treated by Eng- 
lish and American writers as a crest or ridge 
on the septal surface of the heart, and not as 
a spur. Nevertheless, Wolff recognized that 
the muscle mass between the two orifices of 
the right ventricle is unique, having no paral- 
lel in the left ventricle, and he felt it deserved 
separate designation. In the present study we 
shall use Wolff’s definition. 


Moderator Band and Trabecula Septomarginalis 
As early as da Vinci, anatomists had noted 
a free band of muscle extending from the sep- 
tal surface to the free wall of the right ven- 
tricle. The anterior papillary muscle, which 
supports the anterior leaflet of the tricuspid 
valve, usually originates from it. In 1837 
King’ gave it the name ‘‘moderator band”’ 
as a result of his conjecture that it might con- 
trol the capacity of the right ventricle as a 
sort of governor, permitting dilatation when 
too much blood might surge into it. On the 
septal surface the moderator band is contin- 
uous with a ridge of musculature originating 
at the membranaceous septum. This entire 
muscle structure including the moderator 
band was named ‘‘trabecula septomarginalis”’ 
by Tandler, and he suggested that the moder- 
ator band was simply that portion of this 
muscle mass that emerged from the septal 
surface to extend into the free wall of the 
right ventricle. With fine Gallic diffidence 
French anatomists have called Tandler’s tra- 
becula ‘‘le faiseeau innominé.’’ Certain writ- 
ers have occasionally included the trabecula 
within their definition of a crista supraven- 
tricularis but this does not appear to enhance 
the usefulness of either term. As will be seen, 
separate identification of the trabecula sep- 
tomarginalis may be useful, since this prob- 
ably identifies the most caudal contribution 
of the bulbus cordis to the ventricular myo- 
cardium. On the other hand, the myocardial 
fibers of the moderator band are continuous 
not only with those of the trabecula septomar- 
ginalis but with other muscular components 
of the outflow tract, and the presence or ab- 
sence of the moderator band and its size in 
hearts with ventricular septal defects is often 
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a useful lead in studying the bulbar muscula- 
ture. 


Muscle Bundles of the Ventricles 


Since the efforts of Richard Lower in the 
seventeenth century to unroll the musculature 
of the heart there have been countless studies 
of the directional arrays of the fibers of the 
myocardium. In certain species of animals it 
appears to be possible to develop what ap- 
pear to be cleavage planes between these ar- 
rays. Such seemingly independent directional 
arrays are called ‘‘bundles.’’ The bundles of 
the left ventricle have been studied in many 
different species. The extent to which these 
bundles are morphologically distinct from one 
another has been the subject of controversy 
for many years.'* The embryogenesis of myo- 
cardium is such that it is extremely unlikely 
that in any mammalian species the bundles 
are completely separate ;!° all bundles have 
fibers in continuity with fibers of adjacent 
bundles and species vary mainly in how nu- 
merous these bridges are. In our experi(znce 
and that of others in recent years,!® 17 it is 
quite apparent that in man the ventricular 
myocardium consists of the same directional 
arrays as in other mammals, but fibers of con- 
tinuity and fibers with transitional directions 
are so frequent that,no true cleavage planes 
exist. Nevertheless it is possible to separate 
individual directional arrays by sundering 
these points of continuity. In short, grossly 
the human ventricular myocardium appears to 
be genuinely a muscular syncytium, and the 
term ‘‘bundle’’ identifies a directional com- 
ponent of myocardial fibers rather than a dis- 
crete and independent group of fibers. For 
this reason the term ‘‘muscle component”’ is 
used instead of ‘‘muscle bundle’’ in the pres- 
ent study. 


Methods of Study 


In order to study the directions of myocardial 
fibers, the fibers must be rendered separable but 
with enough tensile strength that they will not tear 
easily. No ideal method for doing this has yet been 
devised. After experimenting with a number of 
tanning and other methods, none appeared to be 
superior to the general method originally used by 
Lower and later by MacCallum and by Mall.* The 
heart is immersed in water acidified with acetic 
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acid and simmered just below the boiling point 
for 3 to 4 hours. This removes much of the fat 
and softens connective tissue. At this stage, fur- 
ther fat and other connective-tissue structures in- 
eluding valvular and endocardial tissues are easily 
removed mechanically. Then, to restore the tensile 
strength of the fibers, the heart is carried through 
increasing concentrations of ethyl alcohol, with 
final dehydration for 3 to 4 days in absolute 
alcohol. Dissection is best done under a dissecting 
microscope. One must be cautious, however, not 
to dry the specimen under hot illumination, for 
the fibers will become tough and brittle. 

Detailed dissections of the outflow tract of the 
right ventricle were performed on 15 dog hearts 
and seven normal human hearts. The hearts in six 
eases of ventricular septal defect were dissected 
completely, and partially in four others, including 
two cases of truncus arteriosus. Twenty-two addi- 
tional human hearts with cono-truneal abnormali- 
ties from various sources were studied without 
dissection of the musculature, but with landmarks 
developed from the dissection as guides. In the 
present study the musculature of the septal re- 
gion of the right ventricle and of the crista supra- 
ventricularis alone was studied, and no effort was 
made to study the architecture of the free wall. It 
is recognized that the number of heart studies is 
small and makes it impossible to develop a com- 
plete and secure picture of the architectural ab- 
normalities of the cono-truneal anomalies, so that 
this must be viewed as a preliminary study. 

A word about the embryogenesis of the inter- 
ventricular septum may be appropriate for under- 
standing these studies. It has been known for more 
than a century that two different muscular tissues 
join to form the septum.* One, growing from be- 
low, arises as an invaginating septum at the apex 
of the ventricular loop. It is often referred to as 
the museular part of the interventricular septum. 
The other, growing from above, is an extension 
into the outflow tract (the bulbus ecordis) of a 
septum that spirals down the truncus arteriosus 
to divide it into a pulmonary artery and an aorta. 
In the trunecus, this septation is fibrous. Its exten- 
sion into the bulbus, following the two bulbar 
ridges, is muscular and is called the bulbar part 
of the interventricular septum. Thus, the closing 
of the interventricular septum depends upon these 
two muscular septa, each derived from relatively 
opposite ends of the ventricular loop, meeting, 
overlapping, and fusing. 

In studying the final stages of septal closure, 
embryologists have been most interested in the 
formation of the membranaceous septum. But this 
is only one place where the two tissues meet, and 
in the adult heart it is a relatively small region 
of the zone of fusion. The pathway of fusion ex- 
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tends from the membranaceous septum laterally 
to the general region of the moderator band. Then, 
since bulbar musculature is found only on the 
right ventricular surface of the interventricular 
septum, there is a large area of fusion of the two 
tissues where the invaginating septum grows over 
the posterior surface of the bulbar musculature to 
form the outflow tract of the left ventricle. While 
the sequence of events leading up to fusion of the 
membranaceous septum have been extensively and 
repeatedly studied, there appears to have been no 
study of the events leading to the fusion else- 
where of the two tissues. 
Results 

The Normal Right Ventricular Outflow Tract 

The septal surface of the right ventricular 
outflow tract normally has the dimensions of 
an isosceles triangle. The three apices otf this 
triangle are the midpoint of the base of the 
posterior cusp of the pulmonic the 
point where the moderator band emerges from 
the septal surface, and the point where the 
tricuspid ring crosses the membranaceous sep- 
tum. Normally the three points are relatively 
equidistant from one another. This triangle 
in turn is congruent with a larger triangle 
representing the entire right ventricular sep- 
tal surface. The relationship between the two 
triangles is useful in studying distributions 
of hypertrophy and dilatation in the right 
ventricle. Normally the distance from the pos- 
terior pulmonic valve to the membranaceous 
septum is relatively equal to the distance from 
the membranaceous septum to the posterior 
suleus of the heart, and these two dimensions 
span the flow path in the right ventricle. 

In figures 14, B, and C are shown sche- 
matically the major directional components 
of the normal human bulbar musculature and 
their relationships to tricuspid, pulmonic, and 
aortic orifices and to left ventricular muscu- 
lature. There are no discrete, isolatable fiber 
masses as the figures would suggest, but many 
gradations of fiber direction and abundant 
fiber continuities among these components. 
The schemata are to be viewed as graphs, dem- 
onstrating the major but by no means the 
only directional components of right ventric- 
ular outflow musculature. 


yalve, 


There have been no previous detailed stud- 
ies of this musculature. Mall? had concluded 
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crista as ‘‘crest’’ than ‘‘spur,’’ and the crista 
supraventricularis has been treated by Eng- 
lish and American writers as a crest or ridge 
on the septal surface of the heart, and not as 
a spur. Nevertheless, Wolff recognized that 
the muscle mass between the two orifices of 
the right ventricle is unique, having no paral- 
lel in the left ventricle, and he felt it deserved 
separate designation. In the present study we 
shall use Wolff’s definition. 


Moderator Band and Trabecula Septomarginalis 
As early as da Vinci, anatomists had noted 
a free band of muscle extending from the sep- 
tal surface to the free wall of the right ven- 
tricle. The anterior papillary muscle, which 
supports the anterior leaflet of the tricuspid 
valve, usually originates from it. In 1837 
King’ gave it the name ‘‘moderator band”’ 
as a result of his conjecture that it might con- 
trol the capacity of the right ventricle as a 
sort of governor, permitting dilatation when 
too much blood might surge into it. On the 
septal surface the moderator band is contin- 
uous with a ridge of musculature originating 
at the membranaceous septum. This entire 
muscle structure including the moderator 
band was named ‘‘trabecula septomarginalis”’ 
by Tandler, and he suggested that the moder- 
ator band was simply that portion of this 
muscle mass that emerged from the septal 
surface to extend into the free wall of the 
right ventricle. With fine Gallic diffidence 
French anatomists have called Tandler’s tra- 
becula ‘‘le faiseeau innominé.’’ Certain writ- 
ers have occasionally included the trabecula 
within their definition of a crista supraven- 
tricularis but this does not appear to enhance 
the usefulness of either term. As will be seen, 
separate identification of the trabecula sep- 
tomarginalis may be useful, since this prob- 
ably identifies the most caudal contribution 
of the bulbus cordis to the ventricular myo- 
cardium. On the other hand, the myocardial 
fibers of the moderator band are continuous 
not only with those of the trabecula septomar- 
ginalis but with other muscular components 
of the outflow tract, and the presence or ab- 
sence of the moderator band and its size in 
hearts with ventricular septal defects is often 
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a useful lead in studying the bulbar muscula- 
ture. 


Muscle Bundles of the Ventricles 

Since the efforts of Richard Lower in the 
seventeenth century to unroll the musculature 
of the heart there have been countless studies 
of the directional arrays of the fibers of the 
myocardium. In certain species of animals it 
appears to be possible to develop what ap- 
pear to be cleavage planes between these ar- 
rays. Such seemingly independent directional 
arrays are called ‘‘bundles.’’ The bundles of 
the left ventricle have been studied in many 
different species. The extent to which these 
bundles are morphologically distinct from one 
another has been the subject of controversy 
for many years.'* The embryogenesis of myo- 
cardium is such that it is extremely unlikely 
that in any mammalian species the bundles 
are completely separate ;!° all bundles have 
fibers in continuity with fibers of adjacent 
bundles and species vary mainly in how nu- 
merous these bridges are. In our experi(znce 
and that of others in recent years,!® !*7 it is 
quite apparent that in man the ventricular 
myocardium consists of the same directional 
arrays as in other mammals, but fibers of con- 
tinuity and fibers with transitional directions 
are so frequent that\no true cleavage planes 
exist. Nevertheless it is possible to separate 
individual directional arrays by sundering 
these points of continuity. In short, grossly 
the human ventricular myocardium appears to 
be genuinely a muscular syncytium, and the 
term ‘‘bundle’’ identifies a directional com- 
ponent of myocardial fibers rather than a dis- 
crete and independent group of fibers. For 
this reason the term ‘‘muscle component’’ is 
used instead of ‘‘muscle bundle’’ in the pres- 
ent study. 


Methods of Study 


In order to study the directions of myocardial 
fibers, the fibers must be rendered separable but 
with enough tensile strength that they will not tear 
easily. No ideal method for doing this has yet been 
devised. After experimenting with a number of 
tanning and other methods, none appeared to be 
superior to the general method originally used by 
Lower and later by MacCallum and by Mall.* The 
heart is immersed in water acidified with acetic 
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acid and simmered just below the boiling point 
for 3 to 4 hours. This removes much of the fat 
and softens connective tissue. At this stage, fur- 
ther fat and other connective-tissue structures in- 
cluding valvular and endocardial tissues are easily 
removed mechanically. Then, to restore the tensile 
strength of the fibers, the heart is carried through 
increasing concentrations of ethyl alcohol, with 
final dehydration for 3 to 4 days in absolute 
alcohol. Dissection is best done under a dissecting 
microscope. One must be cautious, however, not 
to dry the specimen under hot illumination, for 
the fibers will become tough and brittle. 

Detailed dissections of the outflow tract of the 
right ventricle were performed on 15 dog hearts 
and seven normal human hearts. The hearts in six 
eases of ventricular septal defect were dissected 
completely, and partially in four others, including 
two cases of truncus arteriosus. Twenty-two addi- 
tional human hearts with cono-truneal abnormali- 
ties from various sources were studied without 
dissection of the musculature, but with landmarks 
developed from the dissection as guides. In the 
present study the musculature of the septal re- 
gion of the right ventricle and of the ecrista supra- 
ventricularis alone was studied, and no effort was 
made to study the architecture of the free wall. It 
is recognized that the number of heart studies is 
small and makes it impossible to develop a com- 
plete and secure picture of the architectural ab- 
normalities of the cono-truneal anomalies, so that 
this must be viewed as a preliminary study. 

A word about the embryogenesis of the inter- 
ventricular septum may be appropriate for under- 
standing these studies. It has been known for more 
than a century that two different muscular tissues 
join to form the septum.* One, growing from be- 
low, arises as an invaginating septum at the apex 
of the ventricular loop. It is often referred to as 
the muscular part of the interventricular septum. 
The other, growing from above, is an extension 
into the outflow tract (the bulbus cordis) of a 
septum that spirals down the truncus arteriosus 
to divide it into a pulmonary artery and an aorta. 
In the trunecus, this septation is fibrous. Its exten- 
sion into the bulbus, following the two bulbar 
ridges, is museular and is ealled the bulbar part 
of the interventricular septum. Thus, the closing 
of the interventricular septum depends upon these 
two muscular septa, each derived from relatively 
opposite ends of the ventricular loop, meeting, 
overlapping, and fusing. 

In studying the final stages of septal closure, 
embryologists have been most interested in the 
formation of the membranaceous septum. But this 
is only one place where the two tissues meet, and 
in the adult heart it is a relatively small region 
of the zone of fusion. The pathway of fusion ex- 
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tends from the membranaceous septum laterally 
to the general region of the moderator band. Then, 
since bulbar musculature is found only on the 
right ventricular surface of the interventricular 
septum, there is a large area of fusion of the two 
tissues where the invaginating septum grows over 
the posterior surface of the bulbar musculature to 
form the outflow tract of the left ventricle. While 
the sequence of events leading up to fusion of the 
membranaceous septum have been extensively and 
repeatedly studied, there appears to have been no 
study of the events leading to the fusion else- 
where of the two tissues. 
Results 

The Normal Right Ventricular Outflow Tract 

The septal surface of the right ventricular 
outflow tract normally has the dimensions of 
an isosceles triangle. The three apices of this 
triangle are the midpoint of the base of the 
posterior cusp of the pulmonic valve, the 
point where the moderator band emerges from 
the septal surface, and the point where the 
tricuspid ring crosses the membranaceous sep- 
tum. Normally the three points are relatively 
equidistant from one another. This triangle 
in turn is congruent with a larger triangle 
representing the entire right ventricular sep- 
tal surface. The relationship between the two 
triangles is useful in studying distributions 
of hypertrophy and dilatation in the right 
ventricle. Normally the distance from the pos- 
terior pulmonic valve to the membranaceous 
septum is relatively equal to the distance from 
the membranaceous septum to the posterior 
sulcus of the heart, and these two dimensions 
span the flow path in the right ventricle. 

In figures 14, B, and C are shown sche- 
matically the major directional components 
of the normal human bulbar musculature and 
their relationships to tricuspid, pulmonie, and 
aortic orifices and to left ventricular muscu- 
lature. There are no discrete, isolatable fiber 
masses as the figures would suggest, but many 
gradations of fiber direction and abundant 
fiber continuities among these components. 
The schemata are to be viewed as graphs, dem- 
onstrating the major but by no means the 
only directional components of right ventric- 
ular outflow musculature. 

There have been no previous detailed stud- 
ies of this musculature. Mall? had coneluded 
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that ‘‘the muscle bundles of the conus form 
relatively simple rings which attach them- 
selves to the root of the aorta,’’ and Tandler,? 
the most thorough student of cardiac muscu- 
lature, considered there was too much indi- 
vidual variation to permit detailed descrip- 
tion. Neither of these views is correct. All 
components shown in the diagrams have been 
identified in every normal human and dog 
heart studied, and there is remarkably little 
variation in their directions and relationships 
from heart to heart. 

In general, there are two layers of muscu- 
lar components that form the intrinsic muscu- 
lature of the right ventricular outflow tract. 
The superficial components are more complex 
and tend to have superior-inferior directions 
with their major mechanical effect apparently 
to shorten the outflow tract. The deeper layer, 
on the other hand, is simpler and has a hori- 
zontal direction, which, on shortening, would 
narrow the outflow tract. 

The superficial layer consists essentially of 
three components (fig. 14). They are best 
studied by first identifying the posterior cusp 
of the pulmonic valve for, at the midpoint of 
its base, can be seen a crease that separates 
two important components in this layer. (The 
crease is often best seen by first peeling off 
the fibrous sheet of endocardium overlying it; 
Keith® called this crease the infundibular 
raphe.) Lev® has named the two components 
the septal bundle (inserting on the left side 
of the cusp) and the parietal bundle (insert- 
ing on the right side of the cusp). From the 
embryologic data of Kramer,* Kjellberg’® and 
Lev® have suggested that these two compo- 
nents are developed from two bulbar ridges, 
extensions of the ridges in the fetal truncus 
arteriosus which fuse to divide the truncus 
into the aorta and pulmonary artery. In 
hearts with truncus arteriosus, however, we 
have been able to identify a component in the 
ventricular wall having the location of the 
normal septal component and leading to a 
small moderator band, indicating that the 
septal component may develop normally even 
when the muscle ridges of the truncus are ab- 
sent. Furthermore, in cases of transposition 
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where the lie of the ridge is presumably mark- 
edly abnormal and perhaps reversed, the sep- 
tal component with its moderator band con- 
tribution can often be seen to be in normal 
position. While the muscular ridges undoubt- 
edly make important contributions to bulbar 
musculature, there are so many components in 
this region that it is probably unwise to as- 
eribe particular ones to specific fetal struc- 
tures until more is known about cardiac mor- 
phogenesis. 

A third component of the superficial layer 
of bulbar musculature is one that inserts on 
the right side of the pulmonic ring, descends 
within the crista supraventricularis to course 
obliquely across the septum, and contributes 
a major part of the fibers of the moderator 
band. It can be called the oblique component 
(component 3 in fig. 14). It has not been pre- 
viously described, perhaps because it is some- 
what hidden by the parietal component, which 
it often passes under, or interweaves through, 
or, less commonly, passes over in its course. 

The moderator band is an exceedingly use- 
ful structure in interpreting the bulbar mus- 
culature. Even with the most painstaking dis- 
section it has been impossible to identify the 
proportion of its fibers that are derived from 
each bulbar component. The oblique compo- 
nent appears to make the largest contribution, 
and contributions from the deeper component 
may be only secondary syncytial fusing. In the 
present series of cases, hearts with ventricular 
septal defects due to absence of the oblique 
component had no moderator band, or at most 
a very slender structure derived entirely from 
the septal component. Absence of the moder- 
ator band, whether or not associated with a 
ventricular septal defect, should be viewed as 
a congenital anomaly of cardiac musculature 
for it represents a disturbance in the joining 
of bulbar and ventricular components of the 
right ventricle. 

Beneath the superficial muscular compo- 
nents of the bulbus is a deeper layer of mus- 
eulature much less varied in direction (fig. 
1B). It originates on the membranaceous sep- 
tum and aortic-pulmonary tendon, sweeps 
laterally at right angles to the direction of 
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Figure 1 


Schema of directional components of right ventricular septal musculature. The heart 
is shown from the frontal view as it lies in the chest, with the free wall of the right 
ventricle removed. Upper left, superficial bulbar muscular components. Upper right, 
deeper bulbar muscular components; the superficial components have been removed. 
Bottom, all'right ventricular components have been removed to show the left ventricular 
orifices and the sino-spiral muscle component. The major right ventricular muscular 
components are numbered: 1 is also called the “septal” component, 2 the “oblique” com- 
ponent, and 3 the “parietal” component. A.M.V., anterior mitral valve leaflet joining 
the two left ventricular trigones; A.P.T., aortico-pulmonary tendon; A.0., aortic orifice; 
M.B., moderator band; M.O., mitral orifice; M.S., membranaceous septum; P.A., pulmo- 
nary artery; P.P.V., posterior pulmonary valve; T.V., tricuspid valve fibrous ring. 


flow in the right ventricle, and curls anteri- 
orly at the lateral margin of the right ven- 
tricle to merge in the right ventricular free 
wall, some portions also becoming continuous 
with the outermost layers of left ventricular 
musculature. The most inferior part of this 
layer originates from the membranaceous sep- 
tum and contributes fibers to the moderator 
band. Cephalad is a thicker part originating 
from the aortic-pulmonary tendon. This ten- 
don is a fibrous ring at the root of the aorta 
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and a major site of insertion of left ventricu- 
lar muscle. The tendon originates from the 
membranaceous septum and the right (ante- 
rior) trigone of the left ventricle; it meets a 
similar fibrous ring at the root of the pulmo- 
nary artery, and it inserts in the left (poste- 
rior) trigone (fig. 10). Farther cephalad the 
deep bulbar musculature encircles the right 
ventricle immediately below the pulmonic 
ring, passing over the aortic-pulmonary ten- 
don, where the latter extends posteriorly. 
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Beneath this deep bulbar layer is the super- 
ficial sino-spiral muscle bundle of the left ven- 
tricle (fig. 1C), but there is no cleavage plane 
between the two layers, and myocardial con- 
tinuity is as evident here as elsewhere in the 
heart. Nevertheless, it is interesting that the 
septal branch of the left coronary artery, 
which arises from its parent artery immedi- 
ately behind the pulmonary artery, tends to 
run most of its course in or near a plane sep- 
arating the deep bulbar and the ventricular 
musculature, emphasizing the developmental 
independence of the two. 

The structures that develop from the path 
of junction between the bulbar and ventricu- 
lar musculature are of especial importance, 
for here will be encountered developmental 
anomalies whenever there is a disturbance in 
differentiation of bulbar or ventricular parts 
of the heart. The moderator band and the 
membranaceous septum are such junctional 
structures and have already been mentioned. 
The septal leaflet of the tricuspid valve also 
depends developmentally upon both bulbar 
and ventricular musculature and is often de- 
formed in anomalies of this region. The hori- 
zontal ridge of musculature extending from 
the membranaceous septum to the moderator 
band, called the crista septomarginalis, is 
also a junctional structure; it is formed in 
the main from bulbar musculature, especially 
deep components and parts of the oblique 
component. This ridge is an especially useful 
landmark because it is usually easily identi- 
fied and it serves to demarcate inflow from 
outflow tracts, and bulbar from ventricular 
musculature. Another junctional structure is 
the septal papillary muscle, also called Lan- 
cisi’s papillary muscle, which subtends chor- 
dae tendineae of the anterior leaflet of the 
tricuspid valve. This is the only papillary 
muscle of the tricuspid valve that is derived 
entirely from bulbar musculature. Anatomi- 
cally, it emerges from the septal surface of 
the right ventricle low in the outflow tract 
about midway between medial and lateral 
walls, but its muscle fibers are derived from 
the septal component of bulbar musculature, 
with some fibers coming from the oblique com- 
ponent. Here then is a structure that, from 
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the origin of its muscle fibers to the insertion 
of its chordae, spans the diameter of the out- 
flow tract, and for half of this distance lies 
free in the outflow stream of the right ven- 
tricular chamber. As a result, the size of the 
papillary muscle and the degree of its dis- 
placement from the septal component, where 
its fibers originate, may be gauges of the type 
and amount of hemodynamic stress in the 
outflow tract during development. Structures 
such as this offer ready, simple elements for 
approaching the architecture of the heart 
from a semi-quantitative point of view. Need- 
less to add, abnormalitjes of this papillary 
muscle and its chordae are related to defects 
in fusion of ventricular and bulbar muscula- 
ture and are often associated with malforma- 
tion of the septal leaflet of the tricuspid valve. 


Muscular Architecture of Ventricular Septal Defects 

Congenital defects of the ventricular sep- 
tum are of three general types according to 
location. 1. Defects at the A-V ring such as 
are seen in association with persistence of the 
ostium primum of the atrial septum and with 
A-V cushion defects. Almost certainly these 
defects are partly at least due to a fusion fail- 
ure between bulbar and muscular septa, for 
they lie adjacent to the A-V ring beneath the 
junction of the septal and posterior leaflets of 
the tricuspid valve, for this is where the two 
septa meet. 2. Defects in the main body of 
the inflow tract of the right ventricle, the 
‘‘museular’’ septal defects. These are often 
circuitous, sinus-like tracts through the sep- 
tum, margined by well-formed trabeculae car- 
neae, and they usually are unassociated with 
other cardiac malformations. 3. Defects in the 
outflow tract of the right ventricle, the ‘‘bul- 
bar’’ 
in the triangle formed by the outflow tract 
and are frequently associated with other 
anomalies of the bulbar and truneal regions 
of the heart. They tend to be circular, smooth- 
edged, gaping holes communicating between 
the two ventricular chambers. 


septal defects. These may lie anywhere 


The difference in morphology between mus- 
cular and bulbar septal defects suggests that 
there may be a difference in their manner of 
development. At early fetal stages, the myo- 
eardium is a spongy sinusoidal mass, and it 
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is not difficult to visualize the ‘‘muscular’’ 
septal defect as representing persistence of a 
type of sinus tract, where sinusoidal elements 
failed to be obliterated during later conden- 
sation of the myocardium.’ On the other hand, 
the round gaping character of the bulbar sep- 
tal defect suggests that it is the result of fail- 
ure of certain muscular components of the 
bulbus ever to develop, that a discrete part 
of bulbar musculature is absent. 

This proves to be the case. When the hearts 
with bulbar defects were dissected with the 
schemata of figure 1 as a guide to normal mus- 
culature, in all hearts one or more directional 
components was found to be absent. The loca- 
tion of the defect in the outflow tract proved 
to be a function of the particular muscular 
component or components that had failed to 
develop, and the remaining musculature of 
the bulbus consisted of directional components 
that could be related to those present in the 
normal heart. This was especially easy to dem- 
onstrate in hearts with single, small defects. 
When the defect was large and associated 
with other complex outflow derangements, it 
was more difficult to be confident that the re- 
maining bulbar musculature represented com- 
ponents present in the normal heart. On the 
other hand, it was in these hearts with exten- 
sive defects that the absence of specifie com- 
ponents was most obvious. For example, in 
cases of persisting truncus arteriosus or so- 
called single ventricle, often there was only 
a single muscular component ridging the re- 
gion where bulbar musculature would have 
been present. Usually it resembled the septal 
component in its origin and distribution, and 
no other bulbar musculature could be iden- 
tified. 

Kjellberg and his associates!’ have sug- 
gested that in hearts with extensive defects 
the derangement may be due to displacement 
of one or both of the two bulbar ridges men- 
tioned earlier that lie at opposite points on a 
diameter across the bulbus and are extensions 
of the spiraling truneal ridges that form the 
truneal septum. This hypothesis is derived in 
part from the once widely held notion that 
unequal size of pulmonary artery and aorta 
in congenital heart disease is due to eccentric 
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growth of the truncal septum. Shaner,'* how- 
ever, has offered convincing evidence that in 
most instances such inequality is a conse- 
quence of a hemodynamic abnormality result- 
ing from the congenital lesion and not to 
eccentric septation. Among cases in the pres- 
ent study in which eccentric septation might 
have been expected, as in pulmonary atresia, 
structures known to be derived from the bul- 
bar ridges, such as the membranaceous sep- 
tum, were normally located. While the hy- 
pothesis of Kjellberg and his associates is 
plausible, in none of the hearts studied in 
this series was it needed to explain the bulbar 
musculature derangement. 

A muscular defect communicating between 
right and left ventricles involves three layers 
of septal musculature, two bulbar and one 
ventricular, and the architectural defect at 
all three levels must be examined. As far as 
the superficial bulbar layer is concerned, after 
familiarity with the musculature by dissecting 
normal and abnormal hearts was acquired, it 
became possible to identify the absent com- 
ponent readily from the surface topography 
alone, without dissection. The deep bulbar 
layer was more difficult to evaluate because, 
unlike the superficial components, only part 
of a deep component might be absent in a 
given case. While the missing component in 
the superficial layer governed where the de- 
fect would lie in the outflow tract, the miss- 
ing deeper component seemed to determine 
how big the defect would be and whether or 
not the foundation of the aortic root would 
be disturbed (i.e., whether or not ‘‘over-rid- 
ing’’ or dextro-position of the aorta would be 
present). 

On the other hand, at the third level (the 
left ventricular part of the septum), no spe- 
cific bundle or component defect could be 
identified to indicate a basic architectural de- 
fect of this layer. The left ventricular fibers 
ramified and otherwise increased their num- 
bers on each side of the defect, so that the 
general density, directions, and distribution 
of fibers in the left ventricular layers of the 
septum appeared to be unaltered by the de- 
fect. 

This observation indicates that bulbar sep- 
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Two hearts with ventricular septal defects, with diagrams. Left, the defect is subvalvular 
and the moderator band is prominent. Right, only the parietal component is present 
bridging a large defect; there is no moderator band. 


tal defects are primarily disturbances in 
growth and differentiating of bulbar muscula- 
ture and only secondarily of ventricular mus- 
culature. Evidently, in the formation of the 
interventricular septum, the part invaginat- 
ing from the apex of the ventricular loop 
grows upward until it meets the bulbar mus- 
culature, and it can only grow beyond this 
point when there is intact bulbar musculature 
over which to grow. When there is a defect in 
the bulbar musculature this invaginating tis- 
sue cannot grow across the defect but will 
grow around it. No heart has yet been seen 
by us or deseribed in the literature in which 
bulbar musculature was absent and the sep- 
tum was closed by ventricular tissue alone. 
This suggests that the bulbar musculature 
plays the role of an ‘‘organizer’’ tissue for 
ventricular muscle, in the embryologist’s 
meaning of the term. Furthermore, it raises 
the possibility of other fundamental anatomic 





and biochemical differences between the two 
types of cardiac musculature, each derived 
from opposite ends of the primitive cardiac 
tube. In other studies, for example, prelimi- 
nary findings suggest that the two muscula- 
tures may undergo hypertrophy differently.” 

If the bulbar abnormality is confined to the 
superficial layers alone, and deeper bulbar 
layers are intact, there will be a bulbar de- 
rangement but no through-and through septal 
defect. In a heart with absence of the modera- 
tor band, this proved to be the case, for there 
was no musculature having the direction of 
the oblique component. Absence of the mod- 
erator band or of the septal papillary muscle 
should be viewed as congenital cardiac de- 
fects even though no hemodynamic abnormal- 
ity is produced. 

It was mentioned that the particular loca- 
tion of a bulbar septal defect depends upon 
the location of the missing superficial bulbar 
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muscular component. To illustrate this, if the 
septal component and the high deep compo- 
nent are missing, the defect will be subvalvu- 
lar in location. The case in figure 2 (left) is 
an example of this. The moderator band is 
present, indicating that the septal component 
is not a major contributor to this structure. 
If, on the other hand, the oblique and low 
deep components are absent, the defect will 
be adjacent to (and might include) the mem- 
branaceous septum. If both the septal and 
oblique components are missing, the heart 
illustrated in figure 2 (right) will result. 
Here, the only remaining bulbar muscle is the 
parietal bundle and its horizontal division ex- 
tending from the crista supraventricularis to 
the lateral wall of the outflow tract. No mod- 
erator band is present. The entire width of 
the low deep component is absent. Although 
there seem to be two bulbar septal defects in 
this heart, actually it is only the bridging by 
the parietal component, the sole remaining 
major septal component, which divides the de- 
fect into two holes. 

Earlier it was mentioned that the presence 
or absence of the deep bulbar component gov- 
erns the relationship of the aortic root to the 
septal defect. As shown in figure 1, the deep 
component inserts on the aortico-pulmonary 
tendon at the root of the aorta immediately 
proximal to the aortic cusps. If this muscular 
layer is absent (combined with the fact that 
left ventricular tissue cannot grow where 
there is no bulbar musculature) the anterior 
lip of the aorta will no longer have an attach- 
ment to the left ventricle, and will be sup- 
ported solely by musculature of the free wall 
of the right ventricle (components 5, 6, and 
7 of figure 1B). As a result, the right ventric- 
ular chamber will open directly into the root 
of the aorta. This appears to be the anatomic 
explanation for over-riding or dextro-position 
of the aorta in hearts with ventricular septal 
defects. 

In the past, over-riding has been consid- 
ered to be due to an abnormal position of the 
aortic root in the skeleton of the heart. Ed- 
wards”? and Schoenmackers*! pointed out 
that this was probably not the case, and sug- 
gested that it was due to the fact that the 
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aorta at its root curls sharply anteriorly 
against the crista supraventricularis. A defect 
high in this region would indeed ‘‘look’’ into 
the root of the aorta. More direct proof that 
there is no abnormality of the skeleton of the 
heart in this disorder was obtained in the 
course of other studies that will be reported in 
greater detail elsewhere.?? Fine silver wire 
was threaded along the rings of all four ven- 
tricular orifices (mitral, tricuspid, aortic, and 
pulmonic) and along certain other ventricu- 
lar landmarks in a series of normal hearts 
and hearts with various cono-truncal abnor- 
malities including over-riding aorta. Roent- 
genograms in two planes at right angles to 
each other were obtained for each specimen. 
By use of methods of descriptive geometry, 
three-dimensional measurements were made 
of the location of the orifices in relation to 
each other and to other ventricular structures. 
In all cases of over-riding aorta the aortic 
orifice was in completely normal position with 
respect to the skeleton of the heart. 

What is the architectural basis for the mus- 
cular stenosis so frequently seen in the in- 
fundibulum in hearts with bulbar septal de- 
fects? This is a much more difficult problem 
to study and will require extensive detailed 
fiber counts and measurements among the bul- 
bar muscular components in normal and ab- 
normal hearts before the answer can be given 
confidently. From the gross method of dissec- 
tions used in the present study, in these 
hearts at least, the stenosis was due to selec- 
tive hyperplasia of individual bulbar muscu- 
lar components, and the particular location of 
the hypertrophied component or components 
determined where in the outflow tract the 
stenosis would occur. For example hypertro- 
phy of the septal component alone cannot ob- 
struct outflow. When the septal component 
is hypertrophied along with the parietal com- 
ponent, the stenosis will be immediately sub- 
valvular. If there is no accompanying hyper- 
trophy of the septal component, a small 
infundibular chamber between the site of ob- 
struction and the pulmonic valve will result. 
On the other hand if the oblique component is 
hypertrophied, the obstruction will lie much 
lower in the outflow tract, adjacent to the 
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Figure 3 


Infundibular stenosis low in the outflow tract due to hyperplasia of the oblique compo- 
nent. Upper left, the reconstructed heart viewed frontally as it lay in the chest. Upper 
right, the right ventricular chamber viewed from above through the infundibulum. The 
marked narrowing of the chamber at mid-position is seen. Below, the free wall of the 
right ventricle is reflected for a frontal view of the right ventricular septal surface, 
which is shown in the diagram at right; the cut surface of right ventricular free wall is 


shaded. 


moderator band. The heart in figure 3 illus- 
trates this, an example of a ‘‘three-ventricle’’ 
heart. 

These findings suggest that infundibular 
stenosis is a basic part of the growth abnor- 
mality in ventricular septal defects rather 
than a secondary adaptation of the heart to 
the hemodynamic abnormality produced by 
the septal defect. It has been pointed out that 
injury to pre-differentiated tissue can result 
in either overgrowth or arrest of growth of 
the tissue.* From the present studies it is 
suggested that in these bulbar syndromes in- 
jury to pre-differentiated bulbar primordia 
results in overgrowth of the bulbar muscular 
component in some hearts (infundibular ste- 
nosis without a septal defect) ; in other hearts 
certain components are arrested while other 
components overgrow (ventricular septal de- 


feet with infundibular stenosis) ; and in still 
other hearts arrest of growth alone takes place 
(simple ventricular septal defect if both lay- 
ers of bulbar musculature are involved ; topo- 
graphic disturbances, such as absence of the 
moderator band without a transseptal defect, 
if only the superficial layer is involved). Thus 
it seems a likely hypothesis that the ventric- 
ular septal defect and the stenosis are both 
due to the same primordial injury in a given 
ease, and whether hypertrophy, or defect, or 
both will occur is, perhaps, a function of the 
severity or timing of the damage to primordia 
of specific muscular components. 


Discussion 
While this study has been mostly concerned 
with the nature of outflow-tract architecture 
in normal and abnormal hearts, one of its re- 
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) 
Figure 4 
Schema of the valvular abnormality in Ebstein’s anomaly. The heart is viewed frontally 
| as it lies in the chest, and the right ventricular free wall is made transparent. Arrows 
indicate pathways of blood flow. Above, the normal tricuspid valve; below, two degrees 
| of malposition of tricuspid valvular tissue. The valve inserts on the septum along the 
A path of fusion of bulbar and ventricular myocardium. The difference in degree of deform- 
r | ity is due to differences in the extent to which lower parts of the tricuspid valve leaflets 
e are displaced. 
a i 
sults has been to direct attention to a region tracts and extends from the membranaceous 
of the heart where congenital malformations septum and septal leaflet of the tricuspid 
occur that has not been greatly appreciated valve on the medial side of the right ventricle 
d in the past. This is the zone of junction be- to the region of emergence of the moderator 
e tween bulbar and ventricular musculature. band laterally. For example, the ventricular 
This is the zone dividing inflow from outflow abnormalities that may be associated with per- 
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sistence of an ostium primum lie in this zone: 
the ventricular septal defect lies beneath the 
septal cusp of the tricuspid valve, the cleft 
in the anterior leaflet of the mitral valve runs 
up to the A-V ring at this same point, fre- 
quently there is a malformed septal leaflet of 
the tricuspid valve, aneurysm or multiple per- 
forations of the membranaceous septum, etc., 
all lesions in this junctional zone. Almost cer- 
tainly the left axis deviation seen electrocar- 
diographically in this syndrome is another 
result of the faulty fusion of bulbar and ven- 
tricular septum. Evidently there is a disturb- 
ance in the development of the anterior divi- 
sion of the left bundle branch, for this 
division normally is distributed on the por- 
tion of left ventricular muscle that grows 
over the bulbar musculature to complete the 
interventricular septum. 

Another syndrome that appears to be due 
in part at least to an abnormality at the junc- 
tion of ventricular and bulbar musculature 
is Ebstein’s anomaly. Here the line of attach- 
ment of the displaced septal and posterior 
rim of the tricuspid valve is near or within, 
but never beyond, this zone of junction from 
membranaceous septum to moderator band 
(fig. 4). The portion of the tricuspid valve 
which affixes to the membranaceous septum is 
often the only part normally attached. The 
only hearts with obliteration of the membra- 
naceous septum by musculature that we have 
seen are two cases of Ebstein’s anomaly. 
Goerttler, on the basis of embryologic studies, 
first suggested that Ebstein’s anomaly might 
be due to a defect of growth during the stage 
of invagination of the ventricular loop to form 
the septum, and our observations give cireum- 
stantial evidence that tends to confirm this 
hypothesis.?* With greater appreciation of the 
anatomy of this region, no doubt other devel- 
opmental anomalies will be identified that are 
related to the manner in which bulbar and 
ventricular musculatures fuse to form the 
septum. 

Another major purpose of this study has 
been to bring quantitative methods into the 
study of cardiac morphology. Understanding 
of cardiac function can never be complete 
until its morphology as a pump is also under- 
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stood. Progress in cardiac physiology has de- 
pended almost entirely upon developing 
methods for quantifying physiologic proces- 
ses. To discover the quantifiable elements of 
the morphology of the heart is the challenge 
for cardiae pathologists. Since morphology is 
a problem in surfaces and spaces, the quantifi- 
able elements and mathematical tools will be 
different from those used by the physiologist 
or the biochemist. In the outflow tract of the 
right ventricle, for example, the quantifiable 
elements prove not to be discrete muscle bun- 
dles, but directional properties of a densely 
syncytial musculature. The particular array 
shown in figure 1 is, then, more a graph than 
a picture of a muscular system. Furthermore, 
as in all graphs, it is a generalization and sim- 
plification in order to have a manageable 
schema upon which to begin to erect an un- 
derstanding of the architecture of this region 
of the heart. 
Conclusions 

Detailed dissections of the musculature of 
the right ventricular outflow tract were per- 
formed in a number of normal and congeni- 
tally abnormal human hearts. In cases of 
bulbar ventricular septal defects the dissec- 
tions disclosed absence of one or more 
components of bulbar musculature, with the 
remaining musculature made up of direc- 
tional components that could be related to 
those seen in normal hearts. It is concluded 
that the bulbar ventricular septal defect is 
not due to failure of bulbar components to 
fuse, but to failure of certain muscular com- 
ponents ever to develop; and the particular 
location of the septal defect in the outflow 
tract is a function of the lie of component or 
components that failed to develop. 

Over-riding or dextro-position of the aorta 
is shown to be not due to an abnormality 
of the location of the aorta with respect to 
the skeleton of the heart, but due to failure 
of certain deeper bulbar muscular components 
to develop. As a result, the septal edge of the 
aortic ring no longer attaches to left ven- 
tricular musculature, and therefore the aorta 
faces directly into the right ventricular 
chamber. 

The muscular hypertrophy accounting for 
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RIGHT VENTRICULAR OUTFLOW TRACT 


infundibular stenosis also appeared to be con- 
fined to certain directional components of 
bulbar musculature, with actual hyperplasia 
of that component. The location of the steno- 
sis in the outflow tract depended upon which 
component had undergone hyperplasia. It is 
suggested that in outflow tract anomalies, 
septal defects and the infundibular stenoses 
are both direct consequences of a primordial 
injury, and whether a given component fails 
to develop or undergoes hypertrophy may 
depend upon the severity or timing of the 
damage to that component. 

Congenital anomalies of the right ventricu- 
lar outflow musculature are of two types. 1. 
Defective development of intrinsic bulbar 
muscular components; ventricular septal de- 
fects and infundibular stenosis, whether or 
not associated with other anomalies, are 
examples of this. 2. Defects in the manner 
by which normally elaborated bulbar muscu- 
lature joins and fuses with the invaginating 
ventricular septum to form a closed ventric- 
ular septum. Examples of this include the 
ventricular anomalies associated with persis- 
tent ostium primum and with A-V communis; 
other examples are Ebstein’s anomaly, defects 
and aneurysms of the membranaceous septum, 
and absence of the moderator band. With 
greater awareness of this zone where ven- 
tricular and bulbar musculature meet, no 
doubt other examples of coupling anomalies 
will be discovered. 
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Retrograde Conduction to the Atria 


in Ventricular Tachycardia 


By AuBert D. Kistin, M.D. 


ONTRARY to the prevalent view that 
C retrograde conduction to the atria in 
ventricular tachycardia is rare,’ the author 
has recorded tracings consistent with such 
conduction relatively frequently with simul- 
taneous standard and esophageal leads. The 
standard electrocardiographie tracings often 
fail to demonstrate atrial activity accurately, 
because the atrial deflections are small and 
lost in the deflections of the ectopic ven- 
tricular activity. This is apparent from a 
comparison of lead II with the simultaneously 
recorded esophageal lead in most of the illus- 
trations of this paper, and probably explains 
why so few cases of ventriculo-atrial (V-A) 
conduction in ventricular tachycardia have 
heretofore been recognized. 

Sir Thomas Lewis described the first eclini- 
cal case of ventricular tachycardia in 1909? 
and observed that in dogs retrograde con- 
duction to the atria was common.’ A review 
of the clinical literature by Foster and 
Thayer in 1950* yielded only three cases of 
1:1 V-A conduction and six cases of V-A 
conduction with variable block. These authors 
concluded from the illustrations of 81 pub- 
lished cases of ventricular tachycardia that 
in 40 it was impossible to recognize the atrial 
activity. The interpretation of V-A conduc- 
tion was made in standard electrocardio- 
graphic leads! *°° and recently in esophageal 


leads.2>: 27-32 


Material and Methods 


Ventricular tachyeardia for the purposes of this 
study is defined as five or more ectopic ventricular 
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systoles in succession. Simultaneous esophageal 
and standard leads*® were recorded. During the 
period of study the interpretation of ventricular 
tachyeardia was made in 21 eases, 14 in the course 
of clinical practice, five during cardiac catheteri- 
zation, one during mitral valve surgery, and one 
during surgery for coarctation of the aorta. 

Whenever the interpretation of ventricular 
tachyeardia with 1:1 retrograde conduction to the 
atria was made, with one exception, the onset of 
one or more runs of tachyeardia was recorded and 
consisted of a bizarre QRS different from the QRS 
of sinus origin. Parts of the tracing showing reg- 
ular sinus rhythm were available for comparison. 
The esophageal leads ruled out the possibility of 
atrial tachyeardia with aberrant conduction by 
demonstrating that the tachyeardia did not start 
with a P wave. In the case in which the onset of 
the tachyeardia was not observed, within a few 
beats after the cessation of the tachycardia iso- 
lated vertricular premature systoles with retro- 
grade conduction to the atria were recorded identi- 
eal in configuration with the complexes of the 
tachyeardia. 

In 10 earlier studies the esophageal electrode 
was paired with the Wilson V connection (VE 
lead). In 11 more recent studies a bipolar esopha- 
geal lead (BE lead) was recorded simultaneously 
with a standard lead, usually lead II, and two VE 
leads, one each from the electrodes of the BE lead 
as described by Copeland et al.*? Instead of the 
fluid-filled tubes recommended by these authors a 
simple Rehfuss tube was used with two German- 
silver rings, 3.0 mm. wide and 2.0 em. apart. The 
lower of the rings was about 3 em. from the tip 
of the tube, and each ring was connected to insu- 
lated wires passing up the inside of the tube. The 
holes in the tip of the Rehfuss tube were sealed 
with solder to avoid wetting the wires. The sim- 
pler BE electrode yields satisfactory tracings. 

The BE lead is often superior to the VE lead 
for the study of V-A conduction. It is usually 
possible to select an esophageal position for the 
electrodes at which the BE lead records small 
QRS complexes and large P waves, the latter dis- 
tinet even in complex arrhythmias when superim- 
posed on QRS and T (figs. 1 and 3-6). Also it is 
often possible to select an esophageal level at 
which the BE lead records retrograde P waves 
more or less opposite in direction to the sinus P 
waves (figs. 1 and 3-5); such tracings are ob- 
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Case 1. Simultaneous lead II, bipolar esophageal lead, and V 
ular tachycardia with 1:1 V-A conduction. One sinus beat interrupts the tachycardia. 
The retrograde P waves in the BE lead are the large spiked downward deflections after 
each small rounded QRS; the sinus P wave is smaller, biphasic, with a larger upward 
component. The retrograde P waves are distinct in the VE lead, but there is less differ- 


ence from the sinus P wave than in the BE lead. A similar consecutive run of 2 
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esophageal lead. Ventric- 


28 beats 


was observed with no increase of V-A conduction time. 


tained with VE leads less frequently. Occasionally 
the retrograde conduction is clearer in a VE lead 
than in a BE lead. 

The optimum position of the esophageal tube is 
determined by scanning tracings obtained from 
several levels. The position yielding the best P 
waves for study varies with individuals and with 
the contour and direction of QRS and T. 

The illustrated electrocardiograms are recorded 
at a paper speed of 25 mm. per second on 2- or 
4-channel direct-writing electrocardiographs (San- 
born). The smallest ruled interval is 0.04 second. 
The numbers under VE in the illustrations desig- 
nate the position of the esophageal electrode in 
centimeters from the nares. The numbers under 
BE designate the midpoint between the two elec- 
trodes of the lead in centimeters from the nares. 
When no number follows VE or BE, the level of 
the electrodes was not recorded. The illustrated 
photographs of the tracings are not retouched. 


Observations and Discussion 
Incidence of V-A Conduction 
Table 1 is a summary of the cases with 
V-A conduction. Of 21 cases in which the 
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interpretation of ventricular tachycardia was 
made 1:1 V-A conduction alone occurred in 
five. The 1:1 conduction often did not appear 
until the second beat of the tachycardia be- 
cause of initial interference with the sinus 
beat, and then persisted to the end of the 
run. In five other cases one to many runs 
with 1:1 V-A conduction occurred in asso- 
ciation with other runs in the same tracing 
with other atrial mechanisms. One of these 
cases was previously reported (case 7).27 The 
other mechanisms were either independent 
atrial rhythm or irregular V-A conduction 
including the Wenckebach phenomenon. In 
four cases V-A conduction occurred irregu- 
larly and there were no runs with 1:1 V-A 
conduction; in 3 cases there were also runs 
with independent atrial rhythm in the same 
tracing, and in 1 case runs that demonstrated 
the Wenckebach phenomenon. In only 7 of 
the 21 cases was the atrial mechanism always 
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AS—anxiety state, CA—coarctation of the aorta, CcT— 


Abbreviations: AHD— coronary arteriosclerotic heart disease, APS—atrial premature systole, 


cerebral. thrombosis, CWP—coal workers’ pneumoconiosis, DM—diabetes mellitus, 


See text for discussion of column, Evidence for Ventricular Focus. 
HD—heart disease, 
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heart disease, 


MI—myocardial infaret, MS— 


coronary arteriosclerotic 
hypertension, QRS form—maintenance of QRS form of 
—tracing during right heart catheterization, (Surg)— 


and 


MD—muscular dystrophy, 


HAHD—hypertensive 


LS—latent syphilis, (LL Cath)—tracing during left heart catheterization, 


PHD—pulmonary heart disease, PHt—pulmonary 


mitral stenosis, PE—pulmonary emphysema, 


ectopic beats in spite of pronounced v: 


ls between ectopic beats, (R Cath) 
V-A—ventriculo-atrial, X-P’—minimum ventriculo-atri 


ariations in interva 


al conduction time measured from onset of 


tracing during surgery, Tb—pulmonary tuberculosis, 


al lead. 


QRS in lead where it was earliest to onset of retrograde P in esophage 


< 


independent of the ventricular rhythm. There 
were 11 cases with runs with independent 
atrial rhythm, but in 4, other runs were asso- 
ciated with V-A conduction. V-A conduction 
occurred with and without heart disease and 
with and without the use of digitalis. 

One-to-one V-A conduction is illustrated in 
figures 1, 2, 3, 7, and 8. Irregular V-A con- 
duction is illustrated in figures 4 and 5. The 
Wenckebach phenomenon with V-A conduc- 
tion is illustrated in figures 2 and 5. Ven- 
tricular tachycardia with an independent 
atrial rhythm is illustrated in figure 6. 

Incidences in a study like this need not 
necessarily have general applicability in view 
of possible variations in patient populations 
and circumstances determining feasibility of 
studying a given arrhythmia in detail by the 
described technic. It must be significant, how- 
ever, that almost as many cases of 1:1 V-A 
conduction were observed in this study as 
the total found in the literature to date. 
Intermittent Ventricular Tachycardia 

Since the diagnosis of ventricular tachy- 
cardia with 1:1 V-A conduction was made 
only if the onset, or in one case the termina- 
tion, of the tachycardia was observed, it fol- 
lows that the study is weighted with inter- 
mittent ventricular tachycardias. Persistent 
tachycardias with bizarre QRS complexes and 
a 1:1 P-to-QRS relation whose onset could not 
be observed are not included in this study 
because of the problem of differentiation from 
atrial tachycardia with aberrant conduction. 
In some reported cases‘ it is impossible to say 
whether the tachycardia is atrial or ventricu- 
lar. 

In a number of the cases of this study the 
duration of the runs was relatively brief. Is 
retrograde conduction to the atria, especially 
1:1 conduction, less likely to occur in the 
more persistent and prolonged ventricular 
tachycardias? This cannot be answered by 
the present study, but runs of 228 beats at 
a rate of 186 per minute (case 1, fig. 1), 
40 beats at 207 per minute (case 7),27 and 
23 beats at 194 per minute (case 2, fig. 7) 
were observed with 1:1 V-A conduction, with 
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Case 6. Simultaneous lead II and bipolar esophageal lead above. Simultaneous lead II 
and V esophageal lead below. Retrograde P waves marked by arrows. Top. Ventricular 
tachycardia with V-A conduction, Wenckebach phenomenon. The second, third, fifth, 
sixth, and seventh ectopic beats are followed by retrograde conduction. No V-A conduc- 
tion after first ectopic beat because of interference with sinus beat. Wenckebach phenom- 
enon: V-A conduction times (sec.), second ectopic beat 0.30, third 0.35, fourth blocked, 
fifth 0.24, sixth 0.32, seventh 0.36. Last retrograde P wave apparent in lead II. Bottom. 
Retrograde conduction after the second of two ventricular premature systoles near the 
beginning, then ventricular tachycardia with 1:1 V-A conduction starting with the second 
ectopic beat, and a reciprocal beat at the end. The normal QRS in lead II after the last 
ectopic beat is preceded by a retrograde P wave. The VE lead shows that still another 
retrograde P wave is superimposed on the reciprocal QRS, as if the reciprocal impulse 
on its way to the ventricle turned back to the atrium again. The reciprocal beat with 
normal QRS and thus normal conduction is suggestive evidence that the ectopic focus 
that initiates the tachycardia is ventricular rather than A-V nodal. The interval from 
the preceding ectopic beat is longer than the intervals between ectopic systoles, so that 
the evidence is not conclusive; the longer interval conceivably allows for recovery from } 
a refractory phase. The pause after the reciprocal beat is ended by an A-V nodal escape 
beat, its QRS occurring right after a sinus P wave. 
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V-A conduction times of 0.12 to 0.17 second 
and no progressive increase of conduction 


rhythm occurred with ventricular rates of 98, 
120, 136, 140, 146, 150, 167, 171, 177, 207, 


time from the beginning to the end of the 











run. 
The Rate of Tachycardia and V-A Conduction 
One-to-one V-A conduction occurred with 
ventricular rates of 91, 94, 103, 107, 130, 151, 
182, 186, 194, and 207, Independent atrial 


and 273. Rate alone does not seem to be a fac- 
tor determining 1:1 V-A conduction in this 
series, although it is possible that at ven- 
tricular rates greater than those observed 
in these patients, conduction might be inter- 
fered with because of rate alone. Lewis*® found 
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Figure 3 
Case 8. Simultaneous lead ‘ and bipolar esophageal lead. V-A conduction after each 


ectopic beat except the first. 


No V-A conduction after first ectopic beat because of inter- 


ference with sinus beat. Both sinus and retrograde P waves in the BE lead are large 
spiked deflections, the sinus P waves downward, the retrograde P waves upward. QRS 
small in BE lead. Small deflections on T waves of ectopic systoles in lead II recognizable 
as inverted P waves with help of the esophageal lead. 


1:1 V-A conduction frequently in dogs at 
rates below approximately 220; at faster rates 
the mechanism was usually 2:1 V-A_ block 
and rarely 4:1 V-A block. 
Differentiation from A-V Nodal Tachycardia with 
Aberrant Conduction 

The question may be raised whether the 
ectopic complexes initiating the tachycardias 
originate not in the ventricle but rather in 
the A-V node and are conducted aberrantly 
because of occurrence during a partially re- 
fractory phase. Evidence that most of the 
tachyeardias with retrograde conduction to 
the atria in this study were of ventricular 
origin consists of (1) the V-A conduction 
times, (2) normal forward conduction with 
atrial premature systoles, ventricular cap- 
tures by sinus beats and reciprocal beats, (3) 
fusion between ectopic and sinus beats and 
fusion between ectopic and reciprocal beats, 
and (4) persistence of the bizarre form of 
the ectopic QRS with wide variations in the 
intervals between ectopic complexes. 
V-A Conduction Times 

The V-A conduction times were 0.12 to 
0.52 second. Briefer intervals between QRS 


and P such as might be expected with A-V 
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nodal rhythm did not occur. With the technic 
used it is possible to recognize P occurring 
simultaneously with QRS in A-V_ nodal 
rhythm and to measure small QRS-to-P in- 
tervals in such rhythm. Tachyeardias in 
which the onset was with a P wave were 
not included in this study, so that so-called 
upper A-V nodal tachyeardias are excluded. 

In the five cases in which 1:1 V-A con- 
duction alone occurred, the V-A conduction 
times were 0.12 to 0.20 second. In the five 
eases in which runs of 1:1 V-A conduction 
were associated with other runs with differ- 
ent atrial mechanisms, the V-A conduction 
times were 0.13 to 0.30 second. In the four 
eases with irregular V-A conduction and no 
runs with 1:1 conduction, the V-A conduction 
times were 0.12 to 0.52 second. 

Tn 10 instances the V-A conduction times 
were about the same as P-R or longer (table 
1), in four instances shorter (eases 2, 9, 11, 
and 12). Since the ventricular premature sys- 
tole may occur during the refractory period 
produced by the previous systole, it is ex- 
pected that the V-A conduction time will 
sometimes be longer than the A-V time. That 
the V-A time is often equal to or shorter 
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Case 13. Tracing during left heart catheterization. Simultaneous lead II and bipolar 
esophageal lead. Ventricular tachycardia with irregular retrograde conduction, sinus 
beat, and reciprocal beat. In the BE lead the QRS complexes are small, rounded, upward 
deflections, the sinus P waves are spiked, downward deflections and the retrograde P 
waves spiked, upward deflections (arrows). There are two normal QRS complexes. The 
normal QRS toward the end of the tracing follows a sinus P. An upright P, is visible 
preceding this QRS simultaneous with the spiked downward deflection in the BE lead. 
The normal QRS toward the beginning of the tracing follows a retrograde P wave—up- 
ward spike in the BE lead and inverted P in lead II—and is interpreted as a reciprocal 
beat. The occurrence of a reciprocal beat with normal QRS complex at an interval after 
the preceding ectopic beat similar to the intervals between ectopic beats is evidence that 


the ectopic focus is ventricular rather than A-V nodal. 


than A-V time requires comment, since it 
has been stated that V-A time in man is 
regularly longer** * and that there may nor- 
mally be unidirectional block in the A-V 
node! so that V-A conduction is blocked or 
delayed compared to A-V conduction. 
Studies with esophageal leads 27 3? 36 show 
that V-A conduction occurs commonly, and 
while V-A intervals longer than A-V occur 
as expected, V-A intervals equal to or briefer 
than A-V occur also.?? In figure 7 there seems 
little doubt that the tachycardia originates 
from a ventricular foeus (see below), and yet 
P-R is 0.15 second and the V-A conduction 
time is 0.12 second. There are a number of 
reasons why a V-A time equal to or shorter 
than P-R in the same tracing cannot be used 
as evidence against a ventricular origin of 
the ectopic focus. First, the experimental 
evidence was previously reviewed ;?7 the re- 
sults varied, but in some studies V-A times 
were shorter than A-V times. Recent studies 
of conduction velocity in individual myo- 
cardial fibers*? show that conduction through 
the A-V node is about as rapid in one direc- 
tion as in the other. There may possibly be 
a site of delay in retrograde conduction dur- 





ing the refractory period at the junction of 
the Purkinje fibers and myocardial fibers,*7 
but even here retrograde conduction during 
recovery is as rapid as in the forward direc- 
tion. Second, the times as measured in the 
clinical electrocardiogram are a crude index 
of conduction velocity. There may be limita- 
tions in measurement; the onset of the ectopic 
ventricular systole may not be recorded in 
the leads used, or it may be unrecognizable, 
being superimposed on the preceding T wave. 
The fiber distance traveled in V-A conduc- 
tion is not the same as that in A-V conduc- 
tion, the exact paths not being known, and 
it could conceivably be shorter. For example, 
from a ventricular focus near the A-V node 
the electrocardiogravhically recorded V-A 
time is occupied by conduction from focus-to- 
AV node-to first part of atrium activated, a 
fiber distance which could conceivably be 
shorter than that from atrium near S-A 
node-to A-V node-to first part of ventricle 
activated, conduction along which is repre- 
sented by P-R. Third, V-A conduction could 
possibly occur by a different pathway with 
faster conductivitv. There is some clinical** 
and experimental®®: 4° evidence for multiple 
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Table 2 
Comparison of Ectopic Systoles Initiating Tachycardia and Atrial Premature Systoles 


in the Same Tracing 





Atrial premature systole 
followed by normal QRS 


Coupling, pre- 
ceding QRS to 


Duration of pre- 





Ectopic systole 
initiating tachycardia 
Coupling, pre- 
ceding QRS to 





Duration of pre- 


ceding cardiac QRS of atrial ceding cardiac QRS initiating 
Patient cycle (sinus) premature systole cycle (sinus) tachycardia 
number (sec.) (sec. ) (sec. ) (sec.) 
1:1 V-A conduction 
1 0.68 0.41 0.68 0.39 
0.69 0.40 
2 0.56 0.37 0.56 0.44 
0.58 0.39 0.58 0.44 
5 1.12 0.63 1.12 0.73 
1.24 0.64 1.24 0.90 
9 0.58 0.43 0.61 0.43 
0.60 0.38 0.60 0.46 
10 0.72 0.44 0.73 0.43 
0.73 0.46 0.73 0.55 
Irregular V-A conduction 
11 1.15 0.72 1.14 0.72 
12 0.63 0.58 0.63 0.49 
0.65 0.53 
13 0.55 0.36 0.54 0.48 
0.66 0.44 0.65 0.43 


pathways of conduction. Fourth, retrograde 
conduction could possibly occur during a 
supernormal phase of the cardiac cycle. While 
a supernormal phase in the normal human 
heart has not been demonstrated, it has been 
observed in disease*! 42 and in experimental 
animals.**: #8 
Atrial Premature Systoles 

Convincing evidence of ventricular origin 
of the ectopic beat initiating the tachycardia 
is the occurrence, in the same tracing under 
similar conditions, of forward conduction 
from above the bifurcation of the bundle of 
His, giving rise to normal QRS complexes. 
(By normal QRS is hereafter meant a QRS 
like one of sinus origin, although in two of 
the cases the QRS of sinus origin showed 
intraventricular block [fig. 8].) This was 
observed with atrial premature systoles in 
five of the eases with 1:1 V-A conduction 
(cases 1, 2, 5, 9, and 10) and in three of 
the cases with irregular V-A conduction 
(cases 11-13). The availability of atrial pre- 
mature systoles for comparison was in part 
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fortuitous, but also in part related to the 
long periods of recorded observation of some 
of the patients. For example, two atrial pre- 
mature systoles occurred in 27 minutes of 
recorded tracings in case 1. During cardiac 
catheterization and cardiac surgery the oe- 
currence of both atrial and ventricular pre- 
mature systoles is usual. 

Of the conditions that may influence re- 
fractoriness of myocardium and _ therefore 
aberrant conduction, there are two that can 
be measured in the electrocardiogram: (1) 
the duration of the cardiac cycle preceding 
the ectopic systole and (2) the coupling in- 
terval or the interval between the ectopic 
systole and the preceding ventricular systole. 
Aberrant conduction should occur more read- 
ily with longer preceding cardiac cycles and 
shorter coupling intervals.** In table 2 some 
ectopic systoles initiating the tachycardias 
were selected for comparison with some atrial 
premature systoles in the same tracing giving 
rise to normal QRS complexes. The evidence 
is against an A-V nodal focus with aberrant 
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Figure 5 


Case 13. Tracing during left heart catheterization. Ventricular tachycardia with irregular 

V-A conduction, Wenckebach phenomenon, ventricular fusion between reciprocal and 

ectopic beats. In the BE lead the QRS complexes are small, rounded, upward deflections, 

the sinus P waves are spiked, downward deflections and the retrograde P waves are 
spiked, upward deflections (arrows). The next to last QRS is normal and follows a sinus 
P wave. At F is a complex which seems intermediate between the normal QRS and the 
ectopic QRS. F follows a retrograde P—upward spike in the BE lead and suggestion of 
an inverted P,—and is interpreted as fusion of a reciprocal beat and an ectopic beat. 
The occurrence of F is evidence that the ectopic focus is ventricular. Diagram—A = 
atrium; A-V = A-V node; V = ventricle. Horizontal lines within A-V node designate 
sites of junction between retrograde and reciprocal paths. Ventricular systoles num- 
bered in sequence below the diagram. Numbers on the diagonal lines are conduction 
times in hundredths of a second. The diagram shows (1) ectopic beats conducted to the 
atria, (2) a sinus beat (18th), (3) ventricular fusion of a reciprocal and an ectopic beat 
(15th), (4) failure of reciprocal impulses from some ectopic beats to reach the ventricle 
because retrograde conduction from the immediately following ectopic beat produces re- 
fractoriness of the part of the conduction path common to retrograde and reciprocal im- 
pulses, (5) interference between retrograde and sinus impulses preventing the appearance 
of retrograde P waves after some ectopic beats. V-A conduction after the 3rd, 4th, 5th, and 
6th ectopic beats according to the Wenckebach phenomenon; V-A conduction times (sec.), 
3rd beat 0.26, 4th 0.34, 5th blocked, 6th 0.26. Reciprocal impulses are not shown with 
incompleted retrograde impulses whose V-A time is not known. Neither are ther shown 
with V-A conduction times less than 0.27 sec. (3rd, 6th ectopic beats) since 0.2. sec. is 
the minimum known V-A time associated with reciprocal beating; the data are inade- 
quate, however, to determine the true minimum V-A time permitting reciprocal con- 
duction, so that reciprocal impulses may possibly have occurred after the 3rd and 6th 
ectopic beats. 
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conduction, except that this possibility is sinus beats during the tachycardia and fusion 
not ruled out in case 12 in which the coupling of sinus and ectopic beats'® ** 45 (eases 13 
of the bizarre QRS is a little shorter than and 14), and reciprocal beats (cases 6 and 
that of the QRS of the atrial premature 13) and fusion of reciprocal and ectopic 
systole. beats'® 1% 46 (case 13). Reciprocal beats with 
Ventricular Captures, Reciprocal Beats, Fusion Beats normal QRS are illustrated in figures 2 and 

Forward conduction with normal QRS 4, and a ventricular fusion of reciprocal and 
oceurred also with ventricular captures from ectopic beats is illustrated in figure 5. The 






Circulation, Volume XXIV, August 1961 








eT, TE 





RETROGRADE CONDUCTION IN VENTRICULAR TACHYCARDIA 








sss 


Scans s 


rip a Hittite Hy 
: ae 


oo 











Figure 6 


From one of the cases of ventricular tachycardia with independent atrial rhythm. Simul- 
taneous lead II and bipolar esophageal lead. In the BE lead the P waves are large, up- 


ward spikes, easily followed through the run of tachycardia maintaining the sinus rhythm 


with slight arrhythmia. 


interval between the reciprocal beat and the 
preceding ectopic beat in figure 4 is close 
to the intervals between ectopic beats, sug- 
gesting a ventricular focus of the ectopic 
beats. The fusion beat in figure 5 practically 
excludes the possibility that the ectopic beats 
arise in an A-V nodal focus. In figure 2 the 
occurrence of the reciprocal beat with normal 
QRS is highly suggestive that the ectopic 
focus is ventricular, but it is not conclusive. 
The interval between reciprocal beat and pre- 
vious ectopic beat is longer than the interval 
between ectopic beats during the tachycardia, 
and recovery from a refractory period for the 
reciprocal beat is possible. 

The diagram of figure 5 illustrates the 
interpretation that reciprocal impulses from 
some ectopic beats fail to reach the ventricle 
because retrograde conduction from the im- 
mediately following ectopic beat produces re- 
fractoriness of the part of the conduction 
path common to retrograde and reciprocal 
impulses. Such a mechanism was postulated 
by Pick and Langendorf.*® 
Persistence of Form of QRS with Varying Intervals 

In two cases of 1:1 V-A conduction (cases 
4 and 10) the persistence of the form of the 
ectopic QRS, in spite of pronounced pro- 
longation of the interval between ventricular 
complexes, is evidence of ventricular rather 
than A-V nodal origin of the ectopic focus. 
In figure 8 toward the end of the illustrated 
run, the interval between ectopic systoles is 
close to that between the sinus beats. There 
seems no reason why an A-V nodal focus 
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should be conducted aberrantly at this time 
nor why the form of aberration should re- 
main identical in spite of such pronounced 
variations in the intervals between ectopic 
systoles. A ventricular focus with a uniform 
path of spread through the ventricles regard- 
less of the intervals between ectopic beats 
seems more likely. 


The Form of QRS 

It is believed that the QRS more frequently 
assumes the pattern of right bundle-branch 
block in aberrant ventricular conduction,** 
although the pattern of left bundle-branch 
block may occur also.*® There was no right 
bundle-branch block pattern is cases 1, 7, 8, 
and 14. There was a pattern possibly of atyp- 
ical right bundle-branch block in cases 9 and 
11. In the other patients the tachycardia was 
not observed in the leads necessary for the 
diagnosis ; some patients with infrequent runs 
of tachycardia were observed as long as possi- 
ble on lead II and esophageal leads, and the 
same procedure was used for observation dur- 
ing surgery and cardiac catheterization. 

To complete the discussion of the differ- 
entiation of ventricular from A-V nodal sys- 
toles one must refer to the interesting obser- 
vations of Rakita, Kennamer, Rothman, and 
Prinzmetal*® that experimental irritation of 
the A-V node may produce bizarre QRS com- 
plexes. According to the authors this occurs 
when the A-V node is injured, only part of 
the fibers from the node being activated, these 
fibers passing far out into the ventricle with- 
out anastomosis with adjacent fibers. Whether 
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Case 2. Simultaneous lead II and V esophageal lead. Comparison of preceding cardiac 
cycle and coupling interval of ectopic systole initiating tachycardia (left) and atrial 
premature systole (right) from same tracing. This illustrates the method of table 2. 
A-V conduction after the atrial premature systole giving rise to a QRS like the QRS 
after a sinus beat at intervals comparable to the ectopic systole that initiates the tachy- 
cardia is evidence that the ectopic focus is ventricular. Ventricular tachycardia with 1:1 
V-A conduction starting with the second ectopic beat (left), retrograde P waves marked 
by arrows. No retrograde conduction after first ectopic beat because of interference with 
sinus beat. This tracing is exceptional in the series in that the retrograde P waves show 
clearly in lead II. A similar consecutive run of 23 beats was observed with no change 
in V-A conduction time. 
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Figure 8 
Case 4. Simultaneous lead II and V esophageal lead. Lower strips continuous with upper. 
Ventricular tachycardia with 1:1 V-A conduction and pronounced slowing of ventricular 
rate. QRS form of the ectopic beats maintained even when interval between ectopic beats 
equals or exceeds that between sinus beats. This is evidence that the ectopic focus is ven- 
tricular, since at these longer intervals there is no reason for aberrant conduction from 
an A-V nodal focus. The peaks of the retrograde P waves in the VE lead are 2 to 5 mm. 
above the peaks of the ectopic QRS. First ectopic QRS probably superimposed on sinus P. 


this is clinically significant, and whether any- the suggested mechanism of Rakita et al. 
thing like such a mechanism could be in- while an impulse from the atrium or a 
volved in cases without clinical evidence of reciprocal route could pass through the A-V 
A-V nodal injury, one cannot say at present. node to the ventricle to produce normal QRS 
If an ectopic focus in part of the A-V node complexes, then some of the evidence pre- 


could produce bizarre QRS complexes by sented here for the ventricular origin of 
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the ectopic foci would not be conclusive. 
Nothing more can be said at present about 
such a possibility, which would question the 
origin of the common premature systoles con- 
ventionally considered ventricular. 
Differential Diagnosis of Ventricular and Supra- 
ventricular Tachycardia 

Should 1:1 V-A conduction in ventricular 
tachyeardia oceur with anything like the 
frequency suggested by this study, then the 
problem of differentiation between ventricu- 
lar tachycardia and supraventricular tachy- 
cardia with aberrant conduction is more com- 
plicated than has been supposed. On the 
assumption that 1:1 V-A conduction in ven- 
tricular tachycardia is rare, the finding in 
esophageal tracings of a 1:1 relation of QRS 
and P has been used as evidence of supra- 
ventricular tachycardia.®® It has previously 
been emphasized? that this is no absolute 
distinction, and the present study may indi- 
cate that it does not have even a probability 
value in differential diagnosis. The serious 
limitations of some of the criteria in use 
for the diagnosis of ventricular tachycardia 
have been thoroughly analyzed.?% 4651 This 
study casts additional doubt on one of the 
classical criteria, namely, the independent 
atrial rhythm, which may be absent in ven- 
tricular tachyeardia more frequently than has 
been realized. 


Summary and Conclusions 

Ventriculo-atrial (V-A) conduction in ven- 
tricular tachycardia has been recognized rela- 
tively frequently in studies with simultaneous 
esophageal and standard leads. Of 21 cases 
interpreted as ventricular tachycardia there 
was 1:1 V-A conduction alone in five, 1:1 
V-A conduction in some runs of tachycardia 
with other mechanisms in other runs in five, 
V-A conduction with variable block in four, 
and an independent atrial rhythm alone in 
seven. 

Evidence that the ectopic foci in these 
eases are indeed ventricular rather than A-V 
nodal with aberrant conduction is based on 
(1) V-A conduction times, (2) normal for- 
ward conduction with atrial premature sys- 
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toles, ventricular captures by sinus beats and 
reciprocal beats, (3) fusion between ectopic 
and sinus beats and fusion between ectopic 
and reciprocal beats, and (4) persistence of 
the bizarre form of the ectopic QRS in spite 
of varying intervals between ectopic beats. 

The frequency of 1:1 V-A conduction in 
ventricular tachycardia complicates the dif- 
ferential diagnosis from supraventricular 
tachycardia with aberrant conduction. 

A bipolar esophageal lead is often superior 
to a V esophageal lead for the study of com- 
plex arrhythmias and V-A conduction. It is 
more likely than a V esophageal lead to show 
retrograde P waves more or less opposite in 
direction to the sinus P waves. 
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Heart Failure 

It is impossible thoughtfully to survey, in the light of daily experience, the field of 
medical work covering diseases of the heart, varied as the manifestations may be, with- 
out realising the central problem to be failure of the heart to accomplish its work in 
lesser or greater degree. This work consists in the propulsion of blood through the 
circle of vessels in adequate quantity to meet the needs of the body in the ordinary 
and varied circumstances of life. The very essence of cardiovascular practice is recog- 
nition and early heart failure and discrimination between different grades of failure. 
This simple truth is not stated here for the first time; in theory it receives occasional 
homage from many. It emerges into view for a fleeting moment, to retreat and lie 
concealed beneath a mass of technical, and by comparison trivial, detail; it does not 
dominate cardiae practice as it should. When a patient seeks advice and heart disease 


is suspected, or is known, to be present, two questions are of chief importance. 


Firstly, 


has the heart the capacity to do the work demanded of it when the body is at rest? 
Secondly, what is the condition of the heart’s reserves? These questions can be answered, 
and correctly answered, in almost all cases by simple interrogations and by bedside 
signs; and the answers force all other considerations into the background in most eases 
of chronic heart disease; they are essentials to sound prognosis and treatment.—Sir 
THomas Lewis. Diseases of the Heart. New York, The MacMillan Company, 1933, p. 1. 
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The Reopened Ventricular Septal Defect 


A Syndrome Following Unsuccessful Closure of Interventricular Septal 
Defects Particularly in Association with Infundibular Stenosis 


By Harotp W. Marca, M.D., Frank GERBopE, M.D., 
AND HERBERT N. HULTGREN, M.D. 


INCE the first open intracardiac repair 
. of interventricular septal defects and te- 
tralogy of Fallot,! * rapid progress has been 
made in operative technics and in extracor- 
poreal perfusion technology. Operative risk 
has steadily declined, and recent communi- 
cations indicate that in ventricular septal de- 
fects uncomplicated by pulmonary hyperten- 
tion the mortality rate is approximately 2 
per cent.* In tetralogy of Fallot the mortal- 
ity risk is in the vicinity of 12 to 16 per 
cent,® 7 but this incidence is also diminish- 
ing.® 7 

The results after successful closure of a 
ventricular septal defect and the correction of 
Fallot’s tetralogy are gratifying.** * Symp- 
toms disappear or are markedly alleviated. 
The precordium becomes quiet, and the typi- 
cal murmurs cease or are dramatically modi- 
fied. Cyanosis disappears. Radiographically, 
there may be a reduction in heart size, and the 
plethora of the lung fields regresses. It soon 
became apparent, however, that the therapeu- 
tic benefits of complete closure were not al- 
ways achieved because of disruption of the 
repair, and the technic was refined.® 2° Al- 
though the first disruptions were reported in 
attempted closure of uncomplicated ventric- 
ular septal defects and continue to be de- 
scribed in more recent reports pertaining to 
the treatment of this lesion,'!-!° it has been 
the experience in this laboratory that the per- 
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sistence of residual defects after surgery is 
rare in uncomplicated ventricular septal de- 
feets but that it is particularly a problem in 
the repair of tetralogy of Fallot. Similar opin- 
ions have been expressed .elsewhere,'* 1° and 
we believe that this point deserves particular 
emphasis; for the clinical consequences of in- 
complete or impermanent closure of a ven- 
tricular septal defect, during a procedure in 
which infundibular stenosis has been success- 
fully relieved, are appreciable and at times 
alarming. 

In some instances the left-to-right shunt 
through the lungs may be huge, and both the 
pulmonary circulation and left ventricle are 
presented abruptly with unaccustomed loads. 
Two deaths after progressive hypotension fol- 
lowing repair for tetralogy of Fallot have 
been ascribed, at least in part, to incomplete 
ventricular septal defect repair.’ It is the pur- 
pose of this paper to describe more fully the 
clinical and hemodynamic consequences of un- 
successful closure of ventricular septal defect, 
particularly in association with infundibular 
stenosis, and to discuss the modifications of 
surgical technics that show promise of mini- 
mizing the incidence of unsuccessful closure. 


Material and Methods 


The material of the study consists of seven 
patients who underwent open intracardiac repair 
at Stanford University Hospital between March 
1956 and December 1959. Six of the seven patients 
had ventricular septal defects complicated by 
infundibular stenosis or a hypertrophied crista 
supraventricularis. The seventh patient had an un- 
complicated ventricular septal defect. All patients 
had extensive preoperative clinical and catheteri- 
zation studies. Postoperative clinical information, 
cardiac roentgenograms, and electrocardiograms 
were reviewed, The diagnosis of persisting left-to- 
right shunt was made by the recognition of a 
distinctive clinical syndrome and was confirmed by 
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cardiac catheterization. In each instance a second 
operative closure was performed and the outcome 
was evaluated by careful and repeated observa- 
tions. 


Case Reports 
Case 1 


D.S. was an 11-year-old girl in whom a heart 
murmur was heard at age 2. In December 1957, 
at age 1014, she was admitted for study, having 
experienced subnormal growth and easily induced 
dyspnea. Severe exertion was not tolerated. There 
was no cyanosis at rest or mild exercise. 

On examination there was a “pigeon-breast” 
deformity of the sternum. There was a systolic 
heave at the left sternal border, and a palpable 
thrill was present low along the sternum. A 
grade 4/4 full systolic murmur was heard in this 
area. It was well transmitted over the precordium 
and back. There was a diastolic rumble at the 
apex. The second sound at the pulmonic area was 
not widely split and not accentuated. 

Roentgenograms revealed biventricular enlarge- 
ment, a prominent main pulmonary artery, hyper- 
vascular lung fields, a right-sided aortie arch, 
and an anomalous left subclavian artery. The 
electrocardiogram was compatible with right ven- 
tricular hypertrophy. The clinical and laboratory 
data were consistent with the catheterization find- 
ings elsewhere (August 1954) of an interventricu- 
lar septal defect. There was mild elevation of 
the pulmonary artery pressure, and pulmonary 
stenosis was absent. 

The patient underwent cardiopulmonary bypass 
surgery on March 6, 1958. After potassium arrest 
and right ventriculotomy, an interventricular sep- 
tal defect measuring 2.5 em. in diameter was 
repaired with a continuous suture line reinforced 
by interrupted sutures. The defect had a fibrous 
wall on the right ventricular side of the aortic 
valve, and a fibrous approximation was possible, 
but aecess was difficult because of a hypertrophied 
erista supraventricularis. During the next 48 hours 
there were persisting hypotension, pallor, and 
restlessness, in spite of blood replacement and 
hydrocortisone. On March 8, cardiac tamponade 
was diagnosed. The sternotomy incision was re- 
opened, the pericardium evacuated of 500 ml. 
of sanguineous fluid, and the blood loss was 
replaced. The vital signs then stabilized and the 
patient’s condition improved, but she continued 
to be dyspneiec at rest. The precordium remained 
active. A left sternal border thrill and a loud 
systolic murmur were present low along the 
sternum. There was a left ventricular heave but 
no third sound or rumble. The second sound was 
widely split, coinciding with the appearance of 
a pattern of right bundle-branch block in the 
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electrocardiogram. The liver was 3 or 4 em. down. 
On recatheterization, it was confirmed that a left- 
to-right shunt was still present, and the values 
for pulmonary blood flow and pressures were 
practically identical to those of the original study 
4 years before. On April 10, 444 weeks after the 
original procedure, repair was attempted once 
more. The upper two thirds of the repair was 
intact, but the lower one third adjacent to the 
tricuspid valve had come loose. The hypertrophied 
bar of ecrista supraventricularis was removed for 
better access and an Ivalon sponge was sutured 
to the repair with purse string sutures, addition- 
ally reinforced with interrupted sutures. The 
repair appeared firm and the postoperative course 
was uneventful. The precordium was now quiet 
and the intense murmur and thrill were gone. The 
patient was discharged and has been followed 
without evidence of further reappearance of the 
shunt. 


Case 2 


J.L., a 13-year-old boy with a heart murmur 
heard at birth, was first studied in October 1956. 
He had experienced normal growth and develop- 
ment, and was able to participate in competitive 
sports without difficulty. There was no history 
of cyanosis. On examination he was a _ husky 
lad with an obvious left sternal border thrill and 
a grade 4/4 pansystolic murmur heard all over 
the precordium but maximal at the pulmonic area. 
Pulmonie closure could not be heard but was 
recorded as a delayed, faint sound on the phono- 
eardiogram. There was prominence of the left 
hemithorax, which was hyperactive. Radiograph- 
ically, the left ventricle was not enlarged but 
there was some prominence of the right ventricu- 
lar silhouette as well as of the central pulmonary 
vessels. There was suggestive evidence of increased 
pulmonary blood flow. The electrocardiogram was 
indicative of right ventricular hypertrophy. Car- 
diac catheterization established the diagnosis of 
infundibular stenosis, and an interventricular sep- 
tal defect with left-to-right shunt (table 1). 

He underwent open heart surgery on March 
25, 1958. The right ventricle was incised, and a 
large oval defect measuring 2.25 em. in trans- 
verse diameter was located in the muscular portion 
of the septum just above the tricuspid valve and 
beneath the orifice of the aorta. The lowermost 
corner of the defect was first approximated with 
interrupted sutures of 3-0 silk, after which an 
Ivalon prosthesis was interposed and secured by 
three mattress sutures passing through the tissues 
on each side. About 9 Gm. of muscle were removed 
from the outflow tract, and additional muscle 
masses were excised below the area of stenosis. 

On the third postoperative day, sinus tachy- 
cardia was present and a pansystolie murmur 













Table 1 





Preoperative— 
October 16, 1956 


Postoperative 
—April 24, 1958 


O. ml1./100 ml. blood 


SVC : 14.6 9.5 
IvVc 15.1 
RA 14.5, 15.2 9.9, 9.8 
RV 16.5, 16.6 15.5, 15.7 
PA 16.9, 17.2 15.3 
BA 19.4 (91%) 15.9 (90% ) 
Capacity 21.2 17.6 
Pulmonary-systemic 1.9/1 6.0/1 
flow ratio 
Pressures, mm. Hg 
RA 2, mean 13, mean 
RV infund. 19/6 
RV 110/6 55/11 
PA 23/10 56/27 
PA mean 18 40 
PA wedge, mean 24 
BA 142/87 131/65 
Estimated O. consumption 
ml./min. 230 288 
Pulmonary A-V difference 
ml1./100 ml. 1.9 1.0* 
Pulmonary blood flow, L./min. 12.0 29.0t 
Pulmonary vascular resistance 
units 1.1 0.5¢ 





*1.0 ml./100 ml. for the pulmonary A-V difference 
is arbitrarily assumed, sinee the true oxygen content 
of pulmonary artery blood probably eannot be de- 
termined under these circumstances. 

tThese values for pulmonary blood flow and vaseu- 
lar resistance were derived from the assumed pul- 
monary A-V difference of 1.0 ml./100 ml. 


of maximal intensity could be heard along the 
lower left sternal border. During the following 
2 weeks he appeared to be doing well except for 
a persisting tachyeardia. On April 10 he was 
noted to be dyspneic at rest. The pulse rate was 
96, and the liver was large and tender. A thrill 
and an intense systolic murmur were present along 
the lower left sternal border, and a distinet third 
sound was now present at the apex. X-rays showed 
an inerease of heart size, and the lung fields 
were diffusely engorged, suggesting pulmonary 
edema. On April 16 he was pale and breathless. 
The precordium was hyperdynamie, and the pulse 
was small and rapid. Rales were present at the 
right base. That evening he coughed up 40 ml. 
of frothy red sputum and was tachypneic and 
anxious. The neck veins were full, and systolic 
pulsations were present. Moist rales were again 
heard. He was treated for congestive failure with 
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digoxin, diuretics, oxygen, and hypnotics. By April 
21 his symptoms had improved and there was 
radiographic clearing of the pulmonary edema. 
He was recatheterized at this time. The pulmonary 
stenosis had been completely relieved but there 
was a 29-liter pulmonary blood flow indicating 
that the interventricular septal defect was again 
patent. A second repair was undertaken on May 
6. The medial margin of the repair had separated. 
The Ivalon prosthesis had remained adherent on 
the right side, but was free on the left. The 
defect now had a firm fibrous rim that could 
be approximated with continuous sutures and 
closed with interrupted stitches. The closure line 
was then covered by compressed Ivalon fastened 
down by continuous over-and-aver sutures. On 
the third postoperative day he became progres- 
sively dyspneic and the pulse was rapid. The 
sternotomy was reopened and a liter of blood 
removed from the thorax. The pericardium was 
evacuated of clot and 200 ml. of blood. There 
was immediate improvement and the postoperative 
course was subsequently uneventful. The pre- 
cordium was now quiet and there was no evidence 
of congestive failure. In follow-up examinations 
he has maintained his improvement and now feels 
entirely well. 


Case 3 


F.H., a 37-year-old woman, had a heart murmur 
from birth as well as an episode of polyarthritis 
at age 12. She had always been on activity restric- 
tion. On her initial admission she complained of 
exertional dyspnea. There had been no cyanosis. 

On examination there was a right ventricular 
lift and a left ventricular heave outside the mid- 
clavicular line. A thrill and a grade 4/4 full 
systolic murmur were present at the lower left 
sternal border. At the apex a distinct third sound 
was present. The second sound was widely split 
to auscultation and on the phonocardiogram. 
Cardiae views showed biventricular enlargement, 
large main pulmonary vessels, and hypervascular 
peripheral lung fields. The electrocardiogram was 
indieative of right bundle-branch block. Cardiac 
catheterization, January 10, 1958, demonstrated 
the presence of infundibular stenosis with a left- 
to-right shunt through an interventricular septal 
defect (table 2). 

The patient underwent operative repair on 
March 11, 1958. After potassium arrest on eardio- 
pulmonary bypass, a ventriculotomy was made 
and 6 Gm. of muscle were removed from the 
infundibulum. An interventricular septal defect 
measuring 15 mm. in transverse diameter was 
located adjacent to the aortie valve. The defect 
had a fibrous edge. An Ivalon prosthesis was sewn 
into place with interrupted 3-0 silk sutures; this 
was further reinforced by sewing a redundant 
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Table 2 


Cardiac Catheterization in Case 3 





Table 3 


Cardiac Catheterization in Case 4 





Preoperative— 


Postoperative 
September 26, 1957 


—April 20, 1959 


Oz m1./100 ml. blood 


Preoperative— Postoperative 
January 10, 1958 —Jun- 6, 1958 
Oz ml./100 ml. blood 
SVC 10.1 8.3 
IVC 8.1 
RA 8.9, 9.4 9.0, 9.1 
RV 11.7, 11.8, 12.9 11.6, 11.8, 12.0 
PA 12.6, 12.9 it US 
BA 14.0 (92%) 13.7 (93%) 


Capacity 


Pulmonary-systemic 


flow ratio 


Pressures, mm. Hg 


15.3 
3.4/1 


14.8 
3.0/1 


SVC 


flow ratio 
Pressures, mm. Hg 


15.2 9.5 
IVC 10.9 
RA 15.1 9.8, 10.3 
RV 16.4, 16.9 12.1, 13.0 
PA 16.1 12.0, 11.8 
BA 19.5 14 (92%) 
Capacity 19.8 15.2 

Pulmonary-systemic 1.3/1 2.0/1 


RA 5, mean 5, mean 
RV infund. 30/2 
RV 117/4 36/6 
PA 29/12 33/12 
PA mean 22 23 
BA 100/49 
Estimated O2 consumption 
ml./min, 197 215 
Pulmonary A-V difference 
ml./min. 14 2.5 


Pulmonary blood flow, L./min. 14.0 8.6 
Pulmonary vascular resistance 
units BD. Sed 


leaf of the tricuspid valve over the repair. 
On March 13 there was an abrupt onset of 
tachyeardia, rate 200, accompanied by pallor, 


sweating, and hypotension. Pericardial tamponade 
was feared, and the patient was re-explored by 
opening the sternotomy incision. There was no 
free blood but the right upper lobe was collapsed 
and the pulmonary artery was distended. Two- 
hundred and fifty milliliters of blood were removed 
from this vessel, and the patient was rapidly digi- 
talized. Her general condition improved and she 
was now in atrial fibrillation. Definite orthopnea 
was present. On March 19 her jugular veins were 
tense, the liver was four fingerbreadths below the 
costal margin; a loud systolic murmur along the 
left sternal border and right basilar rales were 
noted. Her failure was controlled with chlorthia- 
zide and further digitalization. On March 26 
sinus rhythm was restored with quinidine. By 
April 4, at the time of discharge, she felt improved, 
but there were venous systolic pulsation and a 
4/4 pansystolie murmur along the left sternal 
border followed in diastole by a blowing murmur 
of pulmonary insufficiency. 

She was re-examined on June 2, 1958. In the 
interim she had experienced breathlessness on 
slight exertion and angina on hill climbing. The 
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RA 3, mean 10, mean 
RV infund. 27/4 
RV 79/3 79/10 
PA 13/7 30/16 
PA mean 10 23 
BA 75/50 111/65 
Estimated Oz consumption 
ml./min. 180 197 
Pulmonary A-V difference 
ml./100 ml. 3.4 2.1 
Pulmonary blood flow, L./min. 5.3 9.4 
Pulmonary vascular resistance 
units 1.0 1.9 





veins were flat at this time, but there were distinct 
right and left ventricular heaves and a maximal 
intensity pansystolie murmur and thrill low along 
the left sternal border. The second sound was loud, 
and a soft diastolic murmur of pulmonary insuffi- 
ciency was heard. The liver was not enlarged. The 
electrocardiogram continued to show right bundle- 
branch block. Cardiae catheterization indicated 
that the infundibular stenosis had been removed 
successfully but that a large left-to-right shunt 
persisted. On September 17, reclosure was _per- 
formed. The inferior portion of the defect was 
again patent just above the attachment of the 
tricuspid leaflet. There was dense surrounding 
sear tissue and the Ivalon- could not be identified. 
The defect could be firmly closed by interrupted 
sutures. The patient’s postoperative course was 
uneventful, and her precordium was quiet. In 
follow-up examination she has felt much improved, 
and it is apparent that her defect has remained 
closed. 

Case 4 


RiJo is a 15-year-old boy in whom a heart 
murmur was heard at birth. His growth and 
development were somewhat subnormal and he 
had experienced a gradual decrease in exercise 
tolerance. On examination there was a marked 
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thrill along the left sternal border accompanied 
by a grade 4/4 systolic murmur, which was well 
transmitted to the apex, aortic area, neck, and 
axillae. The second sound components were broadly 
separated. The electrocardiogram pattern was 
indicative of incomplete right bundle-branch block. 
X-rays were suggestive of right ventricular en- 
largement, and the pulmonary vascular markings 
were increased, suggesting a left-to-right shunt. 
Cardiae catheterization done elsewhere 2 years 
before was indicative of infundibular stenosis 
with a small left-to-right shunt (table 3). 

Cardiopulmonary bypass without cardiac arrest 
was performed on March 31, 1959. A ventricu- 
lotomy was made, and 4 Gm. of muscle were 
removed from the infundibulum. An interventric- 
ular septal defect was located just proximal to 
the aortic valve. With ventricular systole the defect 
appeared as a split with a linear measurement of 
3 to 4 mm. A woven Teflon graft was sewn over 
the defect with mattress sutures, care being taken 
to include a good quantity of surrounding muscle 
in the sutures. Access was difficult because of the 
large crista supraventricularis. There was slight 
oozing across the porous fabrie of the graft, which 
appeared to be in good position. 

The immediate postoperative course was un- 
eventful, but on April 5 a thrill and loud systolic 
murmur were again present. There were a per- 
sistent tachyeardia, rales at the right base, and 
a four-fingerbreadth tender liver. On x-ray exami- 
nation right pleural effusion was identified. Reeath- 
eterization on April 21 indicated a persisting 
gradient across the pulmonary valve but the 
pulmonary artery pressure had become normal. 
Evidence of a left-to-right interventricular shunt 
was still present. 

On April 29 reclosure was performed. The 
partially detached Teflon graft was reapproximated 
through an atriotomy incision, and then the ven- 
triculotomy was reopened for the purpose of 
reinforcing the closure with a Teflon sponge. On 
the first postoperative day after signs of tam- 
ponade had appeared, the sternotomy had to be 
reopened and clots removed from the pericardium. 
The subsequent course was marked by recurrent 
right pleural effusion and fever. The patient im- 
proved after repeated aspiration of sterile fluid, 
and there was gradual defervescence. He then be- 
came asymptomatic and was discharged on May 25. 
On follew-up examination, lie has remained well; 
there has been no evidence of further disruption 
of his interventricular septal defect repair. 


Case 5 
B.L.M., a 17-year-old boy, was admitted for 


open-heart surgery on October 8, 1958. A murmur 
had been detected at 3 months of age. The patient 
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had been a frail child who ate poorly and gained 
weight slowly. There had been intermittent cya- 
nosis but the time of onset was not known. 
Frequent pneumonia and episodes of subacute 
bacteria: endocarditis had made numerous hos- 
pitalizations necessary. Cardiac catheterization in 
September 1952 indicated the presence of a bidirec- 
tional shunt at ventricular level and pulmonary 
stenosis. 

On examination the patient was small and thin. 
Moderate cyanosis and clubbing were present. 
There was ‘slight, left precordial bulge, and the 
apex impulse was within the midcostal line. At 
the third left intercostal space there was a grade 
II blowing systolic murmur, and the second sound 
could not be heard in the pulmonary area. A right 
ventricular hypertrophy pattern was present in 
the electrocardiogram. Cardiac views demonstrated 
slight right ventricular prominence and slightly 
diminished pulmonary vascularity. A_ selective 
angiocardiogram confirmed the presence of an 
interventricular septal defect with pulmonary 
stenosis and a right-to-left shunt. The packed 
cell volume was 64; hemoglobin, 19.1 Gm. 

On October 15 at open-heart surgery a conical 
valvular stenosis with a 4-mm. orifice was found. 
This was opened in both directions, producing 
a bicuspid valve. Five grams of infundibular 
muscle were removed, and an _ interventricular 
septal defect measuring 14 mm. in diameter was 
identified just above the insertion of the tricuspid 
valve. The defect was sutured mattress-fashion, 
the edges being apposed with four sutures; this 
was reinforced posteriorly by a flap of redundant 
tricuspid valve. An Ivalon prosthesis was then 
anchored over the linear repair with continuous 
over-and-over sutures. 

The first postoperative week was marked by 
dyspnea, tachypnea, and mild cyanosis. There 
were some neck vein distention, a 3-cm. hepato- 
megaly, and basal rales. The electrocardiogram 
now showed a pattern of right bundle-branch 
block and x-rays demonstrated congested lung 
fields and free fluid in the bases. The venous 
pressure was 26 em. of saline, and the cireulation 
time was 33 seconds. In spite of digitalization 
and other measures, heart failure persisted. There 
was an irregular fever, which reached 39.4 C. in 
the third postoperative week. Blood cultures were 
positive for Staphylococcus albus, coagulase posi- 
tive and Bacillus subtilis, but these were thought 
to be contaminants. The clinical situation was 
grave. Examination now revealed pulsating neck 
veins and a pansystolice murmur of maximal 
intensity along the left sternal border, over the 
precordium and back. The spleen and liver were 
enlarged to the umbilicus. Repeat catheterization 
on December 9 showed persistence of a left-to- 
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right shunt at ventricular level and pulmonary 
stenosis. 

A second open-heart procedure was performed 
on December 23, and a hole was identified in the 
lowermost portion of the repair where the Ivalon 
had become detached laterally and posteriorly 
from the tricuspid corner. The defect was again 
repaired with mattress sutures, the Ivalon being 
repositioned. The closure was further reinforced 
by a suture placed deep in the tricuspid valve and 
encompassing the defect. More muscle was removed 
from the infundibular region. Sections from some 
necrotic muscle at the edge of the defect contained 
clumps of gram-positive cocci and endocardium 
from the region of the sutures showed acute and 
chronic endocarditis. There was now less respira- 
tory distress, the venous engorgement was dimin- 
ished, the liver became smaller, and the precordium 
was quieter, a much softer systolic murmur now 
being present along the left sternal border. But 
the temperature continued to rise to 39.9 C., 
Staph. aureus appeared in blood cultures, and 
the right shoulder became swollen and tender. On 
Jan. 4, 1959, the right shoulder joint was opened 
and drained and osteomyelitis was found in the 
humerus. X-rays also revealed mottled lucencies 
in the acromial process. The patient received 
penicillin, chloramphenicol, novobiocin and strep- 
tomyein, but fever to 40.5 C. continued and the 
blood cultures remained positive for Staph. aureus. 
On January 31 the doses of chloramphenicol and 
novobiocin were increased to 2.0 Gm., and van- 
ecomycin was started. The patient then became 
afebrile. The blood cultures were sterile until 
February 19, 3 days after the discontinuation of 
all antibiotic treatment. The previous regimen of 
antibiotics was begun once more, and the tempera- 
ture became normal again on March 8. Bacitracin 
was administered for 4 days, but was discon- 
tinued because of a blood urea of 108 mg. In 
addition, a precordial thrill was again palpated, 
loud systolic and diastolic murmurs were heard 
along the left sternal border, and the liver was 
larger. On April 11 chills and a temperature of 
39.5 C. were accompanied by pain in the right 
ankle, and the blood cultures again contained 
Staph. aureus. Erythromycin, 8 Gm., and ristoce- 
tin 4 Gm. were started. The patient became afebrile 
again and the cultures were sterile; but the 
general condition was poor. Hypotension and 
oliguria were present, and the blood pressure was 
maintained with the help of norepinephrine. On 
April 21 pulsating neck veins, large liver, right 
ventricular heave, and a maximal left sternal 
border systolic murmur indicated a reopened 
interventricular septal defect and tricuspid insuffi- 
ciency. This was confirmed by catheterization on 
May 11. The following day an attempt was made 


Circulation, Volume XXIV, August 1961 


to close the defect again. This was accomplished 
but postoperatively circulatory failure was intract- 
able, and the patient died within 24 hours. 

At autopsy the heart weighed 520 Gm. The 
right ventricle was hypertrophied and dilated. 
The pulmonic valve was bicuspid, and the cusps 
were deformed and folded back upon themselves. 
The recent interventricular septal defect repair 
was intact. On the left ventricular side of the 
defect a small vegetation was identified. Infarcts 
were present in the spleen and left kidney, and 
thrombi were present in the iliac veins and 
moderate-sized pulmonary arteries. There were 
edema of the lungs, congestion of other viscera, 
and ascites. 


Case 6 


RoJa, a 26-year-old man, was first admitted on 
March 3, 1959. In spite of a history of heart 
murmur from birth, there were no symptoms or 
limitation of activity, no cyanosis, or disability. 
On examination there were a slight right ventric- 
ular heave and a thrill at the lower left sternal 
border. There was a maximal intensity, full sys- 
tolic murmur in this position. The second sound 
was heard better at the aortic area, and no split- 
ting could be detected. Cardiac catheterization 
indicated the presence of a left-to-right shunt at 
the ventricular level and infundibular stenosis. The 
electrocardiogram pattern was right ventricular 
hypertrophy but there was only questionable 
chamber enlargement radiographically. The pul- 
monary artery was dilated but the vascularity of 
the lung fields was normal. 

Open-heart surgery was performed on May 
28. There was a 2.0-cm. defect in the membranous 
septum and both infundibular and valvular steno- 
sis were present. The defect was closed with six 
ventral sutures. The closure was reinforced by 
suturing Ivalon sponge over the defect with inter- 
rupted mattress sutures. Pulmonary valvotomy was 
done, and infundibular muscle was excised. An 
Ivalon prosthesis was used to enlarge the outflow 
tract; this was reinforced with pericardium. 

A loud systolic murmur persisted at the left 
sternal border, and a diastolic flow murmur 
appeared at the apex. The precordium was now 
hyperdynamic, and there were jugular pulsations. 
Edema appeared in the sacrum and lower extremi- 
ties. In spite of digitalization and other measures 
to control congestive failure, the patient was 
dyspneic, uncomfortable, and had persisting tachy- 
cardia. Radiographically, the heart was now much 
enlarged. The clinical picture suggested reopening 
of the ventricular septal defect with a large 
left-to-right flow, tricuspid insufficiency, and con- 
gestive heart failure. On June 15, during ecatheteri- 
zation, ventricular fibrillation occurred abruptly, 
and resuscitation was effected by cardiac massage 
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and electrical defibrillation. During the next 24 
hours there were persisting tachycardia and hypo- 
tension, and 3,750 ml. of blood were lost through 
the drainage tubes in the chest. The chest was 
reopened, and an additional 1,500 ml. of blood 
were evacuated, after which a bleeding intercostal 
artery was identified and ligated. The patient’s 
condition then improved, but he was febrile and 
a heavy growth of Aerobacter aerogenes was pres- 
ent in the fluid from the chest tubes. On exami- 
nation, the precordium was heaving, and jugular 
and hepatic pulsations were marked. The systolic 
murmur with maximal intensity at the left sternal 
border was followed by a loud diastolic rumble, 
suggesting a tricuspid flow murmur. The systolic 
murmur could easily be heard over the liver. 
There were ascites and pronounced edema. Fever 
continued in spite of multiple antibiotic therapy, 
and Aerobacter was cultured routinely from per- 
sistently draining chest tubes. Roentgenograms 
indicated the persistence of an extensive empyema 
cavity. An open drainage was done on July 27. 
The patient subsequently became afebrile and was 
discharged for interim nursing care. He was 
readmitted in October, at which time physical 
findings were essentially unchanged, and a second 
attempt was made to close the defect. Portions of 
the previously placed Ivalon were still in place 
but the defect was widely open. Closure was 
effected with five mattress sutures, and a muscle 
flap from the anterior portion of the septum 
was used for reinforcement. Several sutures were 
taken in the patulous tricuspid ring. Postopera- 
tively there was profuse drainage of blood, and 
the right hemithorax was repeatedly evacuated. 
A total of 6 liters of blood was withdrawn or 
drained. Oliguric and hypotensive, in spite of 
vigorous replacement therapy, the patient died on 
the fourth postoperative day. 

At autopsy, the heart weighed 650 Gm.; there 
was notable enlargement of the right ventricle. 
The pulmonic valve was normal but just distal 
to the valve, there was a fibrous ring. The circum- 
ference was 3.5 em. The aorta arose anteriorly 
to and to the right of the right ventricular outflow 
tract. The Ivalon gusset in the outflow tract was 
intact. The recent interventricular septal defect 
closure was secure. At the apex the myocardium 
was greatly thinned and replaced by fibrous tissue. 
There were small mural thrombi attached to the 
endocardium of both ventricles, and an embolus 
was present in the left coronary artery. The lungs 
were edematous, hemorrhagic, and atelectatic, and 
generalized visceral congestion was present. 

Case 7 


M.M., was an 81-year-old girl with a congeni- 
tal heart murmur. A diagnosis of interventricular 
septal defect had been established by cardiac 
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catheterization at the age of 10 months. No 
significant gradient was present across the pul- 
monary valve. There was no cyanosis, but exer- 
tional dyspnea was present, the child did not gain 
weight normally, and frequent respiratory infeec- 
tions occurred. For 3 years prior to admission the 
patient had been on a low-salt diet and digitalis 
because of “pulmonary congestion.” On examina- 
tion the veins were flat, and there was no cyanosis. 
A right ventricular heave was present, and there 
was a thrill and a loud pansystolic murmur at the 
third left interspace along the sternal edge. The 
second sound was loud. On March 20, 1956, at 
open-heart surgery, a 15-mm. interventricular 
septal defect was located in the membranous sep- 
tum; it was sutured with interrupted silk. Post- 
operatively a loud systolic murmur persisted; this 
could also be heard in the neck. The second sound 
was accentuated in the pulmonic area. Radio- 
graphically, the heart was larger than preopera- 
tively, and there was venous engorgement. The 
patient was seen again in December 1957, at which 
time she was thought to be less dyspneic. The 
precordium was active, however, and a maximal 
intensity, left sternal border systolic murmur was 
present. The second sound was loud though not 
audibly split, and a diastolic rumble was heard 
at the apex. In April 1959, her findings were 
similar. X-rays now showed biventricular enlarge- 
ment and a prominent left atrium. There was 
increased pulmonary vascularity suggestive of a 
persisting left-to-right shunt. Surgery was again 
performed in August 1959 and the reopened defect 
was identified. Closure was effected by means of 
interrupted mattress sutures reinforced by com- 
pressed Ivalon. In the immediate postoperative 
period, a third sound was heard at the apex and 
the liver was enlarged. The patient was digitalized 
and placed on a salt-free diet. The liver regressed 
in size, and the patient improved rapidly. At 
the time of discharge the precordium was quiet, 
and a residual grade II systolic murmur was heard 
at the left sternal border. 
Discussion 

Description of Patient and Preoperative Status 

The case reports include seven patients 
ranging in age from 81% to 35 years. They all 
had ventricular septal defects. Six had com- 
plicating infundibular stenosis or a greatly 
hypertrophied crista supraventricularis. One 
patient was cyanotic. Two of the patients with 
pulmonary stenosis were asymptomatic. The 
remainder of the group had degrees of dis- 
ability ranging from mild exertional dyspnea 


to easily induced fatigue, breathlessness, or 


cyanosis. Three patients had experienced sub- 


Circulation, Volume XXIV, August 1961 





re 


— 


| 















normal growth and development. None had 
experienced congestive heart failure preopera- 
tively although one child had been on salt 
restriction and digitalis because of ‘‘pulmo- 
nary congestion.”’ 

Description of Defects and Technic of Closure 

All the defects were located in the region 
of the membranous septum, but were not 
necessarily delimited by the position of this 
structure. They were most commonly bordered 
by the insertion of the tricuspid valve below 
and by the aortic valve in front. Although 
one of the defects was described as a 3 to 4 
mm. slit in systole, the remainder varied from 
1.5 to 2.5 em. in diameter. Characteristically, 
the defects lacked a firm fibrous rim, the edge 
of the defect consisting instead of cardiac 
muscle. 

The defects were repaired by conventional 
methods, and an Ivalon prosthesis was usually 
employed to close the defect or reinforce the 
closure. The infundibular stenosis was re- 
lieved by resection of muscle in the outflow 
tract and ecrista supraventricularis. 

Time of Detection of Persisting Shunt 

This could not be ascertained precisely in 
each instance. In three cases findings sugges- 
tive of a persisting shunt were present on the 
first to third postoperative day. In the other 
eases, the significant auscultatory observa- 
tions were not made until the fifth to eighth 
day. Significantly, in no case did earlier aus- 
cultatory findings, indicating the closure of 
a shunt, precede notes reporting the reappear- 
ance of a shunt. It is probable that in all cases 
the defect was either never completely closed 
or that the reopening occurred within the first 
few postoperative days. This has also been the 
experience elsewhere.) 11 
The Syndrome of Persisting Shunt 

It will be noted above that, preoperatively, 
the symptomatology of these patients was 
quite variable, ranging from no symptoms to 
easily induced dyspnea. In none, however, 
was dyspnea present at rest, and none had 
orthopnea or objective evidence of heart fail- 
ure. This relatively benign situation was pro- 
foundly altered by the persistence postopera- 
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Figure 1 


J.L., an 11-year-old boy with interventricular sep- 
tal defect and infundibular stenosis. Upper left. 
The heart is moderately enlarged preoperatively, 
and other projections confirm that the enlargement 
involves the right ventricle mainly. The pulmonary 
vascular markings are moderately accentuated sug- 
gesting a modest left-to-right shunt. Upper right. 
Postoperatively the defect is still open but the 
infundibular stenosis has been removed. There is 
an increase in heart size due to biventricular en- 
largement. The pulmonary arterial branches are 
full, suggesting a large left-to-right shunt, and 
the central vascular engorgement indicates edema 
of the lung. Lower. After successful closure of 
the defect, the cardiac silhouette has become small 
and the lungs show no evidence of increased flow 
or congestion. 


tively of a left-to-right shunt. Sinus tachy- 
cardia and tachypnea were the rule, and these 
became increasingly significant after the first 
72 hours, when fluid balance had been stabi- 
lized and when postoperative pain or fever 
had been excluded. The patient was usually 
dyspneic and orthopneic. The pulses were 
small. The precordium was hyperactive. There 
was a right ventricular heave; occasionally, a 
left ventricular heave. At this time a thrill 
and a full systolic murmur were present at 
the lower sternal border. If right bundle- 
branch block had occurred, the second sound 
was broadly split. A third sound or diastolic 
flow murmur, not heard preoperatively, could 
be detected in three instances. All these find- 
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Figure 2 

RoJa., a 26-year-old man with interventricular 
septal defect and infundibular stenosis. Left. 
The heart is moderately enlarged and the lung 
fields suggest a small increase in pulmonary blood 
flow. Right. Postoperatively there is distinct 
broadening of the cardiac silhouette and the pul- 
monary vasculature is more prominent, suggesting 
an increase in left-to-right flow after failure to 
close the defect at a time when the infundibular 
stenosis had been removed. The right atrium and 
superior vena cava appear dilated in this patient, 
who had signs of tricuspid insufficiency. 


ings might be present in the early postopera- 
tive period. Later pulmonary rales and edema, 
distended neck veins, hepatic enlargement, 
and dependent edema were likely to appear. 

The most striking changes appeared in the 
five patients who had had significant infun- 
dibular gradients as well as ventricular sep- 
tal defects preoperatively. The pulmonary 
stenosis had been adequately relieved in these 
instances and, in some, the left-to-right shunt 
now seemed to be greater than before surgery. 
This was suggested by the strikingly dynamic 
precordial movements, by the appearance for 
the first time of an apical third sound or flow 
murmur, or by the murmur of pulmonary in- 
sufficiency. Notable too was the appearance 
of tricuspid insufficiency in at least three of 
this group. This was signified by systolic jug- 
ular pulsations followed by rapid diastolic 
collapse, and by the pronounced evidence of 
right-sided failure, included high 
venous pressure, hepatomegaly, edema, and 
ascites. Because of the loud murmur of the 
ventricular septal defect, the presence of a 
discrete murmur of tricuspid insufficiency 
was difficult to establish but was identified in 
at least one instance where it was character- 
istically louder on inspiration. In this individ- 


which 
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ual the liver was pulsatile. Pulmonary conges- 
tion also occurred, and one patient had frank 
pulmonary edema indicating that left ven- 
tricular failure is a distinct part of this syn- 
drome. Five of the patients had to be treated 
intensively with digitalis, salt restriction, di- 
uretics, and, occasionally, oxygen. One patient 
had atrial fibrillation which was later con- 
verted to sinus rhythm. 
Effects of the Persisting Shunt on the X-ray and 
Electrocardiogram 

The cardiac silhouette regularly increased 
in size in the presence of a persisting left-to- 
right shunt. This was quite striking since, 
by comparison, the preoperative increases in 
the cardiac silhouette were usually modest. 
Figures 1 and 2 illustrate this point. There 
were also notable changes in the lung fields. 
For example, in both figures the lungs 
are more vascular postoperatively, indicating 
greater pulmonary blood flow. There is also 
hilar engorgement and diffuse haziness in 
figure 1, which was taken after the patient 
had experienced pulmonary edema. In figure 
2, there is dilatation of the right atrium and 
superior vena cava, and this film was taken 
at a time when clinical and hemodynamic 
evidence of tricuspid insufficiency was pres- 
ent. In oblique views some enlargement of the 
left atrium is also apparent. 

Electrocardiographic alterations are more 
difficult to assess, since the electrocardiogram 
is often altered by surgery alone. Electro- 
cardiograms before and after operation were 
available in six cases. In one instance the 
preoperative tracing remained that of com- 
plete right bundle-branch block postopera- 
tively. Complete right bundle-branch block 
appeared in three cases where patterns of 
right ventricular hypertrophy were originally 
present and in two cases where, preopera- 
tively, the QRS duration was less than 0.12 
second and an rsr’ or rsR’ complex was 
present in Vj. 


Cardiac Catheterization Data 

Preoperatively left-to-right shunts in the 
patients with interventricular septal defects 
complicated by infundibular stenosis were 
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not large, and in only one instance did the 
pulmonary to systemic flow ratio exceed 
2.3/1. One patient was cyanotic and had no 
net left-to-right shunt preoperatively. Systolic 
pressure in the right ventricle ranged between 
79 and 117 mm. Hg, and the peak systolic 
gradient between the main right ventricular 
chamber and the pulmonary artery ranged 
between 65 and 87 mm. Hg, indicating moder- 
ate infundibular stenosis. With one exception 
the right ventricular diastolic and mean right 
atrial pressures were normal. 

Postoperative cardiac catheterization in- 
variably disclosed the presence of a left-to- 
right shunt, whereas the infundibular gra- 
dient had been eliminated or reduced. Of the 
six patients with preoperative gradients, post- 
operative catheter data showed no gradient 
in two, and residual systolic gradients of 49 
and 15 mm. Hg, respectively, in two others. 
In the two remaining cases, observations at 
second operation suggested that the obstruc- 
tion had been successfully eliminated. 

The pulmonary to systemic flow ratios were 
either essentially unchanged or greater post- 
operatively. At times the increase in pul- 
monary blood flow was striking. For example, 
in table 1 are the data on an 11-year-old boy 
with so-called acyanotie tetralogy. He had 
a modest left-to-right shunt preoperatively, 
the pulmonary to systemic flow ratio being 
just less than 2/1; and there was a peak 
systolic gradient of 87 mm. Hg between the 
right ventricle and pulmonary artery. Post- 
operatively this gradient was eliminated. At 
the same time the pulmonary blood flow has 
become very large, but it can only be approxi- 
mated under these circumstances because of 
the difficulty in sampling true mixed venous 
blood. If a pulmonary arteriovenous differ- 
ence of 1.0 ml. per 100 ml. is assumed, the 
estimated pulmonary blood flow is 29 liters 
per minute. The mild arterial desaturation 
is probably due to hypoventilation induced 
by presedation with secobarbitol and meperi- 
dine. The pulmonary wedge pressure was 24 
mm. Hg, and although a flow gradient across 
the mitral valve cannot be excluded, it is 
probable that there was also an elevation 
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Figure 3 
Same patient as in figure 2. The right atrial trac- 
ing was not remarkable preoperatively. With the 
interventricular septal defect still open post- 
operatively, the right atrial pressure is typical of 
tricuspid insufficiency. Note especially the merged 
systolic c-v peaks and the rapid y descent. 


of left ventricular diastolic pressure. Right 
ventricular diastolic pressure was clearly ele- 
vated. Right atrial pressure curve; of course 
reflected these ventricular events, but at times 
they also offered graphic evidence of tricuspid 
insufficiency. This is illustrated in. figures 
3 and 4. 


Reoperation to Close the Persisting Shunt 

In all instances a second attempt was made 
to close the defect. The second operations were 
performed at a minimum of 414 weeks after 
the first and in all but one instance within 
6 months. In one ease a third closure was 
attempted 5 months after the second opera- 
tion. There were two postoperative deaths. 
One was due to intractable intrathoracic 
hemorrhage, oliguria, and hypotension in a 
patient who had had severe tricuspid insuffi- 
ciency and heart failure after the second 
operation. The second death occurred in a 
patient who had staphylococcal endocarditis 
at the site of his repair, osteomyelitis, and 
heart failure. This patient survived a second 
operation but died in heart failure after the 
third operation. 
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Figure 4 


B.L.M., a 17-year-old boy with tetralogy of Fallot, 
The postoperative pressure curve from the right 
atrium is indicative of tricuspid insufficiency. The 
curve is “ventricularized” during systole and there 
is a rapid y descent. 


The most constant finding at reoperation 
was the detachment of the Ivalon and Teflon 
prostheses. There was an apparent failure 
of tissue to invade the material and create 
a firm union when it was used as a supporting 
plug. In addition, where the material had 
been retained by sutures and became firm, it 
tended to fracture at the suture line, suggest- 
ing brittleness. There was also a single Teflon 
cloth failure apparently due to inadequate 
invasion of the material from the margin of 
the repair. 


Improvements in Surgical Technic 

During the past 2 years, we have repaired 
the ventricular defect with interrupted su- 
tures of number 3-0 silk. The repair is then 
covered with a crimped Dacron patch held 
in place with interrupted sutures. Great care 
is taken with the lower margin, where recur- 
rences are prone to occur. Here some of the 
redundant tricuspid valve is often drawn in 
with the first suture. Since using this method, 
recurrences have virtually disappeared. 

Potassium arrest was abandoned approxi- 
mately 2 years ago in favor of general body 
hypothermia in conjunction with extracor- 
poreal circulation. For tetralogy of Fallot or 
complicated interventricular defects, tempera- 
tures of 20 to 24 C. are reached through the 
use of a heat-exchange unit incorporated in 
the lung. At approximately 26 C., the heart 
fibrillates, and at lower temperatures, it often 


will cease beating. When necessary, the aorta 
is eross-clamped for short periods of time. 
Left atrial decompression is routinely em- 
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ployed with a catheter placed in the right 
side of the left atrium. 

General body hypothermia has been com- 
bined with extracorporeal circulation in over 
240 cardiac procedures of which 110 were 
interventricular defects of tetralogy of Fal- 
lot.16 Permanent heart block has virtually 
disappeared since employing the above tech- 
nic. In only one operation for tetralogy of 
Fallot was death probably caused by this 
complication, and there is only one living 
patient with permanent block. 


Conclusions _ 

Disruption of a ventricular septal defect re- 
pair is particularly, though not exclusively, a 
complication in the open cardiotomy treatment 
of patients with coexisting infundibular ste- 
nosis. The disruption occurs within the first 
few days and may usher in profound eircu- 
latory disturbances. As a consequence patients 
who were relatively asymptomatic exhibit 
symptoms and signs of biventricular failure 
and tricuspid insufficiency. An anatomic basis 
for this is provided by the successful elimi- 
nation of, or significant reduction of, the 
infundibular obstruction. The example cited 
above and in table 1 indicates how, under 
these circumstances, a patient who had had 
a relatively small left-to-right shunt may 
develop an extremely large pulmonary blood 
flow approximating 30 liters per minute. Such 
a flow is clearly larger than would be cus- 
tomary for a ventricular septal defect in 
adults. The estimated pulmonary vascular 
resistance of 0.5 units is low; this suggests the 
failure of the pulmonary vasculature to regu- 
late flow through vasoconstriction. 

However, tremendous increases in pulmo- 
nary blood flow were not always present and 
cannot be solely responsible for the produc- 
tion of this syndrome. In the case represented 
in table 3, for example, the pulmonary blood 
flow has increased by a third only, probably 
because residual infundibular obstruction was 
present, and because the pulmonary vascular 
resistance increased. The patient whose data 
are shown in table 2 exhibited the features 
of this syndrome even though her repair was 
only partially disrupted so that she had the 


Circulation, Volume XXIV, August 1961 


me 


eae 


OA AIT age MTN 





a> 


ae 


A AOE AES age FTN 


REOPENED VENTRICULAR SEPTAL DEFECT 261 


combined benefits of an actual reduction in 
pulmonary flow and of the complete elimina- 
tion of _1fundibular stenosis. In such individ- 
uals it would appear that something had 
happened relatively acutely so that the heart 
was now unable to handle a work load that 
for many years it had supported with few 
ill effects. 

In this regard some evidence has accumu- 
lated to suggest that the methods employed 
for cardiac arrest at surgery and ventricu- 
lotomy itself may have an adverse effect on 
the myocardium. In most of these repairs 
potassium arrest was used. It has recently 
been shown in acute experiments that potas- 
sium arrest depresses left ventricular function 
considerably.1* Furthermore, the effects of 
right ventriculotomy done in the conventional 
way from base to apex along the long axis 
of the ventricle are not entirely benign. 
Ventricular function curves!® and high-speed 
cinefilms’® before and after right ventricu- 
lotomy in experimental animals have shown 
appreciable depression of function and altera- 
tions in the sequential contraction pattern of 
the right ventricle. These alterations in func- 
tion can persist after a number of months.!® 
Such a ventricle may perform adequately 
when not stressed but could fail when pre- 
sented with a persisting left-to-right shunt 
postoperatively. 

The tendency for disruption to occur in 
patients with infundibular stenosis is under- 
standable. The defect is in close relation to 
the area of stenosis and to the thickened, 
overgrown crista supraventricularis, making 
exposure suboptimal. In spite of resection 
of the obstructing muscle elements, the edges 
of the defect may be difficult to bring together 
easily without tension. Moreover, the tough 
fibrous edge, which is the rule in uncompli- 
cated ventricular septal defects, is not pres- 
ent, and the margin of the defect consists of 
soft cardiac muscle, which is not so suitable 
for holding sutures. 

A major disappointment has been the fail- 
ure of Ivalon and Teflon prostheses in our 
hands. We have observed disruptions of the 
suture line and failure of the material to be 
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Figure 5 

F.H., a 37-year-old woman with interventricular 
septal defect and infundibular stenosis. The first 
postoperative film, upper right, shows continuing 
cardiac enlargement and persistence of full lung 
fields. The second operation successfully closed 
the defect. The lower film taken 6 months later 
shows very considerable reduction in cardiac size 
and the pulmonary vasculature is normal. 


overgrown by tissues, the requisite of a firm 
repair. There has also been some evidence of 
brittleness of the material. These experiences 
have led to the adoption of the present method, 
which consists in direct suture of the defect 
with interrupted silk, followed by the appli- 
cation of a crimped Dacron patch over the 
repair with interrupted sutures. Potassium 
arrest has been discontinued, and cardiac 
arrest or ventricular fibrillation is now in- 
duced by total body hypothermia routinely 
in the treatment of tetralogies and large ven- 
tricular septal defects. The present approach 
seems promising, and there have been no re- 
eurrences or deaths in the last 25 cases of 
tetralogy of Fallot. 


Summary 
The persistence of a left-to-right shunt due 
to the unsuccessful repair of a ventricular 
septal defect associated with infundibular 
stenosis has been described. 





A characteristic clinical picture has been 
reported. The main features include conges- 
tive heart failure, tricuspid insufficiency, and 
increased pulmonary blood flow. 

The severity of the symptoms appears to 
be due to the persistence of a left-to-right 
shunt at a time when the myocardium has 
been affected adversely by such operative 
insults as potassium arrest and ventricu- 
lotomy. 

The particular difficulties attending the 
repair of a ventricular septal defect with 
infundibular stenosis include the proximity 
of the defect to the hypertrophied muscle 
mass, the soft muscular margin of such a 
defect, and the tension on the suture line. 
Ivalon and Teflon prostheses have been dis- 
appointing in their failure to maintain the 
integrity of the repair. 

All of the patients were reoperated upon. 
Five survived and their defects are 
closed. The second repairs were abetted by 
the development of a fibrous scar around the 
margin of the defect. The five survivors are 
in good health and there is no evidence of a 
remaining shunt. 


now 


As a consequence of these experiences, sur- 
gical technics were modified. The defects are 
now closed by direct suture with interrupted 
silk, followed by the application of a crimped 
Dacron patch over the repair. The results 
have been encouraging and since the new 
technic has been adopted, there have been 
virtually no recurrences. 
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Systemic and Pulmonary Emboli before 


and after Mitral Commissurotomy 


By FREDERICK KELLOGG, M.D., Cut Kone Liv, M.D., I. Wi.uiAmM FisHMan, M.D., 
AND Roaer Larson, M.D. 


YSTEMIC AND PULMONARY emboli 

are frequent and serious complications! * 
in mitral stenosis. It has been stated** that 
systemic embolism occurring in patients with 
mitral stenosis is an indication for mitral 
commissurotomy, and surgery has been rec- 
ommended® * as an urgent or emergency pro- 
cedure in patients with recent systemic em- 
bolism to prevent more episodes. 

In one series* of 50 patients followed for 
41% to 7 years after commissurotomy no post- 
operative emboli were encountered. Others 
have noted systemic emboli during the first 
2 years after but 
some® 1° have thought that the incidence was 
less than the preoperative occurrence. 

In contrast to these reports, we have been 
impressed with the frequency of embolic phe- 


commissurotomy? ® % 1° 


nomena following mitral commissurotomy ; so 
we were prompted to investigate the relation 
of mitral commissurotomy to postoperative 
emboli. 

Material and Methods 


This study includes 149 patients who had 
mitral ecommissurotomy from 1950 to 1959 at 
Los Angeles County Harbor General Hospital, 
Torrance, and Long Beach Veterans Admin- 
istration Hospital. It includes all the 75 patients 
operated upon at the Harbor General Hospital 
and 74 of 80 patients at the Veterans Hospital.* 
There were 91 male and 58 female patients. Four 
were in the second decade, 18 in the third, 53 
in the fourth, 53 in the fifth, and 21 in the 


From the Department of Medicine, Los Angeles 
County Harbor General Hospital, Long Beach Vet- 
erans Hospital, and the University of California at 
Los Angeles, California. 

Supported by the Attending Staff, Los Angeles 
County Harbor General Hospital, Torrance, California. 

Presented at the Thirty-third Scientific Sessions 
of the American Heart Association, St. Louis, Mis- 
souri, October 23, 1960. 

*The records of six patients were unavailable. 
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sixth and seventh decades. According to the 
functional classification of the American Heart 
Association, six were in class I, 50 in elass II, 
82 in class III, nine in class IV, and two were 
unclassified. 

Mitral stenosis was considered marked if the 
estimated valvular area at the time of surgery 
was less than 1 em.*, moderate if the estimated 
area was from 1 to 1.5 em.? and slight if the esti- 
mated area was from 1.5 to 2 em.2 One hundred 
ten patients had marked, 19 had moderate, and 
five had slight mitral stenosis. In 12 others the de- 
gree of stenosis was not mentioned. Three were 
found to have pure regurgitation. Mitral com- 
missurotomy was considered adequate if the 
estimated opening of the mitral valve was larger 
than 2.5 em.? 

Mitral regurgitation was considered marked 
if the regurgitant jet was estimated as greater 
than 10 ml.; moderate if 5 to 10 ml.; and mild 
if less than 5 ml. at surgery. Ten patients had 
marked regurgitation, 21 had moderate degree, 
30 had slight insufficiency, but 75 had no re- 
gurgitation. Information was not available on 
13 patients. After mitral surgery, mitral regurgi- 
tation was marked in 17, moderate in 32, slight 
in 26, and absent in 56. Information was not 
available on 18 patients. In no instance was 
the degree of regurgitation decreased by surgery. 

Prior to surgery, 76 of the 159 patients had 
sinus rhythm, and 73 had atrial fibrillation. Of 
the 136 patients surviving surgery, 45 main- 
tained sinus rhythm and 89 had atrial fibrilla- 
tion.* 

Commissurotomy was considered adequate in 
119 patients and inadequate in 15 patients. In- 
formation was not available in 15 patients. 

The diagnosis of systemic emboli was based 
on the clinical symptoms and signs of cerebral, 
peripheral arterial, or visceral emboli (table 1). 
Cerebral emboli were manifested by unilateral 
motor paralysis except in two instances in 
whom right homonymous hemianopsia developed. 
Peripheral arterial emboli were characterized 
by sudden onset of pain, with absent pulse in 
the affected artery, and verified in the 
majority by either embolectomy or 


was 
arterial 


*Information unavailable in 2 patients. 


264 


Table 1 


Systemic Emboli 


Peripheral or 





abdominal 
Cerebral arteries Visceral Total 
Preoperative 38 15 9 62 
Operative 8 1 0 9 
Postoperative 16* 3 2 21 





*One patient also had renal infaretion found at 
autopsy. 


amputation. Visceral emboli to the kidney or 
spleen were indicated by severe pain in the 
regions of affected organs with transient hema- 
turia in the ease of kidney emboli. Postmortem 
examination verified splenic emboli in three pa- 
tients and renal emboli in two. 

Pulmonary emboli were manifested by the 
symptoms and signs of pulmonary infarction. 


Results 

There were 13 surgical deaths in the series 
of 149 patients with a surgical mortality rate 
of 8.7 per cent. Nine patients, four of whom 
had had preoperative systemic emboli, had 
systemic embolization associated with surgery, 
an operative embolic incidence of 6 per cent 
(table 2). Four with systemic emboli died 
and five survived. 

The survivors were followed for an aver- 
age of 3.2 years after surgery with a maxi- 
mum of 9 years. In 23 patients the follow-up 
was less than 1 year. There were 11 (8.1 per 
cent) late deaths in the 136 surviving pa- 
tients, with four of these dying of cerebral 
embolism and four dying of pulmonary in- 
farction and congestive heart failure. 

Prior to surgery (table 2), 42 of the 149 
patients, or 28 per cent, had a total of 62 
systemic emboli. Twenty-eight patients had a 
single episode, 11 patients had two, and the 
other three patients had three, four, and five 
episodes respectively. Sixteen (28 per cent) 
of the 56 patients in functional classification I 
and II, 24 (25 per cent) of the 91 patients 
in classes III and IV, and two unclassified 
patients had systemic emboli prior to surgery. 
Thirteen (table 3), or 17 per cent, of the 76 
patients with sinus rhythm and 29, or 40 per 
cent, of the 73 patients with atrial fibrillation 
had preoperative systemic emboli. 
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Postoperatively, 17 (12.5 per cent) of the 
136 surviving patients had 21 late systemic 
emboli. Thus the incidence of late systemic 
emboli was 4.8 per cent per patient-year dur- 
ing the follow-up period. Twelve of these 17 
patients had systemic emboli after surgery 
for the first time. Inclusion of the operative 
emboli made a total of 30 episodes of systemic 
emboli in 25 patients, or an incidence of 
18.5 per cent. 

Of the surviving patients, 11 were in func- 
tional class I, 80 in class II, 37 in class III, 
seven in class IV; and one was unclassified. 
Nine (10 per cent) of the 91 in classes I 
and II and eight (17 per cent) of the 44 in 
classes III and IV had postoperative systemic 
emboli. Five patients (table 3) or 11 per cent 
of the 45 with sinus rhythm and 12 patients 
or 13.5 per cent of the 89 with atrial fibril- 
lation had subsequent embolic episodes. Of 
the 17 patients with postoperative systemic 
emboli, 138 (85 per cent) had an adequate 
mitral commissurotomy, and three had inade- 
quate surgery. Information was not available 
on one patient. 

The 12 patients who had systemic emboli 
for the first time following commissurotomy 
ranged in age from 19 to 59. Ten were in 
functional class II, one in III, and one in 
IV; eight had predominant mitral stenosis 
and four had significant insufficiency; eight 
were noted to have calcification of the valve. 
Eleven were considered to have an adequate 
commissurotomy and five of the 12 were clin- 
ically improved one functional class follow- 
ing surgery. Three had atrial fibrillation 
prior to surgery; six had this arrhythmia 
following surgery, and three continued te 
have sinus rhythm following surgery. 

Thirty-two (table 4) (21 per cent) of the 
149 patients had atrial thrombi at surgery. 
Nine (28 per cent) of these 32 patients had 
preoperative systemic embolic episodes; two 
had operative, and two had _ postoperative 
systemic emboli. 

Eighty-one (table 4) (54 per cent) of the 
149 patients had a calcified mitral valve. 
Twenty-three (28 per cent) of these 81 pa- 
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MITRAL COMMISSUROTOMY AND EMBOLI 


Table 2 
Systemic Emboli before, during, and after Surgery 











Number of emboli 
3 4 





























1 5 Total 
Preoperative Number of patients 28 11 1 1 1 42 
emboli Total number of emboli 28 22 3 4 5 62 
(149 Patients) 
Operative Number of emboli or 9 9 
emboli patients 
(149 Patients) 
Postoperative Number of patients 13 4 —- — — 17 
emboli Total number of emboli 13 s —- — — 21 
(136 Patients) 
Table 3 
Relation of Systemic Embolization to Cardiac Rhythm 
Number of Number of Per cent of 
Rhythm patients systemic emboli patients 
Preoperative, Sinus 76 13 17 
149 patients atrial 73 29 40 
fibrillation 
Postoperative, Sinus 45 5 11 
134 surviving atrial 89 12 13.5 
patients* fibrillation 





*Information on rhythm postoperatively unavailable in two patients. 


tients had preoperative systemic emboli; 
three had operative, and 10 had postoperative 
systemic emboli. 

Ten patients (6 per cent) had pulmonary 
infarction prior to surgery and 10 (7.3 per 
cent) had pulmonary infarction after sur- 
gery. Four of the latter died of pulmonary 
infarction and congestive heart failure in the 
follow-up period. 


Discussion 

The incidence of systemic emboli prior to 
surgery of 28 per cent is higher than that of 
many series but is comparable with the obser- 
vations of Olesen? on the natural history of 
mitral stenosis. 

The incidence of systemic emboli compli- 
eating surgery of 6 per cent is significant and 
is comparable to the rates of 2 to 8.4 per cent 
reported by others.* 1 14 Anticoagulant ther- 
apy begun prior to surgery and continued 
through the immediate postoperative period 
has been shown*: !2 to decrease this surgical 
complication. 

Following surgery the incidence of sys- 
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temic embolization is less than the preopera- 
tive incidence but represents 4.8 per cent per 
patient-year, which is eight times the inci- 
dence reported by Ellis.® It is difficult to 
determine the preoperative incidence of em- 
boli per patient-year but if one arbitrarily 
assumed 10 years as a preoperative period 
of vulnerability, our preoperative incidence 
would have been 3 per cent per patient-year, 
which is comparable to the incidence in Ole- 
sen’s series* of 4 per cent per patient-year. 
(Several of our patients had emboli 6 years 
prior to surgery and one had an embolus 9 
vears before.) 

It is also noteworthy that 12 patients had 
their initial systemic emboli following sur- 
gery. Thus our findings would suggest that 
mitral commissurotomy neither prevents nor 
decreases the incidence of systemic emboliza- 
tion.1% It has been reasonably hoped that the 
improved circulatory hemodynamies follow- 
ing adequate commissurotomy would decrease 
the incidence of systemic emboli. Perhaps the 
endothelial defect is more important in the 
production of mural thrombi than a reduced 


Table 4 
Incidence of Systemic Embolization in Patients 
with Atrial Thrombosis or Calcified Valve 


___With systemic emboli_ Without 








“Preopera- Opera-_ Post- systemic 
tive tive operative emboli Total 
Left atrial 9 2 2 19 32 
thrombosis (28%) 
Caleified 23 3 10* 51 81 
mitral (28%) 


valve 


*Five of the 10 patients also had preoperative 
systemie emboli. 


flow across the mitral valve. Unless there are 
other indications for mitral commissurotomy, 
systemic embolization may best be prevented 
with prolonged anticoagulant therapy." 

Atrial fibrillation appears to predispose to 
systemic emboli before commissurotomy.™ 
Following surgery the incidence of emboli 
was less in functional classes I and II than 
in III and IV, but prior to surgery the inci- 
dence was essentially the same in the two 
groups. 

Contrary to a published report,!* the pres- 
ence of atrial thrombosis or calcified mitral 
valve was not accompanied by an increased 
incidence of preoperative systemic emboli. 

The observations concerning pulmonary in- 
farction suggest that mitral commissurotomy 
has little effect on the incidence of pulmonary 
emboli, which probably occur as late manifes- 
tations in the 
disease. 


course of rheumatic heart 
Conclusion 

In a series of 149 patients subjected to 
mitral commissurotomy, 28 per cent had pre- 
operative systemic embolization. Nine pa- 
tients, or 6 per cent, had systemic emboli 
associated with surgery. Of the 136 patients 
surviving surgery, 12.5 per cent had subse- 
quent systemic emboli with an incidence of 
4.8 per cent per patient-year, comparable to 
the reported natural incidence of systemic 
emboli of 4.0 per cent per patient-year. 


This study suggests that mitral commis- 
surotomy does not prevent systemic emboli 
and does not decrease the natural incidence 
of such emboli. 


10. 


14. 


16. 
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Left Atrial and Left Ventricular Pressures in Subjects 
without Cardiovascular Disease 


Observations in Eighteen Patients Studied by Transseptal 
Left Heart Catheterization 


By EvGene BraunwaLD, M.D., Epwin C. BrocKkENBrouGH, M.D., 
CHARLES J. FRAHM, M.D., AND JOHN Ross, Jr., M.D. 


HE MEASUREMENT of pressures in 
= yea left side of the heart now constitutes 
one of the basic technies in the clinical study 
of the circulation. Left heart catheterization 
is of importance not only in cardiovascular 
diagnosis but also as a tool in the physiologic 
investigation of the central circulation in nor- 
mal and abnormal states. In spite of the wide- 
spread applications of left heart catheteriza- 
tion, the level of pressures in the left side of 
the heart in subjects without cardiovascular 
disease in a basal physiologic state has not 
been known. The lack of this information is 
understandable when the risk, patient discom- 
fort, and technical complexity associated with 
the older methods of left heart catheterization 
are considered.! These procedures were in 
general reserved for those patients in whom 
the establishment of a specific diagnosis or of 
a therapeutic plan required specific knowl- 
edge of the pressures in the left side of the 
heart. ; 

With the development of left heart cath- 
eterization by the transseptal route ?~° it has 
become possible to study the dynamics of the 
left side of the heart with relative safety and 
little discomfort to the patient. We have had 
the opportunity to measure left atrial and left 
ventricular pressures in 18 subjects without 
any apparent abnormalities of the cardiovas- 
cular system; the data obtained in these pa- 
tients form the basis of this report. 


Methods 


The subjects studied ranged in age from 5 to 
49 years, with an average age of 21 years; 11 of 





From the Cardiology Branch and the Clinie of 
Surgery, National Heart Institute, Bethesda, Mary- 
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them were male and 7 were female. All were 
studied because of the presence of heart murmurs. 
On clinical examination these murmurs were con- 
sidered to be functional in origin by several ex- 
amining physicians, and the chest roentgenograms 
and electrocardiograms showed no abnormalities. 
Right heart catheterization was carried out through 
the right saphenous vein, and in each instance 
the pressures in the pulmonary artery, right 
ventricle, and right atrium were found to be with- 
in normal limits.6 There was no evidence of a 
circulatory shunt by application of indicator-dilu- 
tion curves‘ and of foreign gas technies.2 Follow- 
ing right heart catheterization transseptal left 
catheterization was carried out in a manner de- 
tailed previously.* ® 

Left atrial pressures were measured through a 
no. 17-gage thin-walled needle in 16 patients and 
through a no. 19-gage needle in the other patients. 
Left ventricular pressures were measured through 
a polyethylene catheter (PE no. 50), 100 em. in 
length in 16 patients, and through a radiopaque 
polyethylene catheter, 70 em. in length with an 
internal diameter of 1.15 mm. in the other two 
patients. Pressures were measured with P23D 
Statham pressure transducers and were recorded 
on a multi-channel photographie recorder. The 
baseline for all pressure measurements was 5 em. 
below the sternal angle. 

All patients were studied in the basal, post- 
absorptive state. Thirteen of them were given 
100 mg. of pentobarbital orally while the five 
children, aged 5 to 14 years, received a mixture of 
meperidine, phenergan, and promazine intramus- 
eularly prior to study. 


Results 

The results are presented in detail in figure 
1. The mean left atrial pressures ranged be- 
tween 2 and 12 mm. Hg, and the average 
value was 7.9 mm. Hg. The mean left atrial 
pressure exceeded the mean right atrial pres- 
sure in every subject; the difference between 
these mean pressures ranged from 1 to 7 mm. 
Hg, and the average difference was 3.9 mm. 
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Figure 1 
Summary of observations of pressures on the left 
side of the heart of subjects without cardiovascu- 
lar disease. Each point represents an observation 
on one patient. The horizontal bar represents the 
mean value for each series of measurements. L.A., 
left atrium; R.A., right atrium; L.V., left ventricle. 


Hg. The left atrial pressure at the onset of 
the atrial contraction (a) wave was, in gen- 
eral, almost identical to the mean left atrial 
pressure, ranging from 1 to 12 mm. Hg, with 
an average value of 7.1 mm. Hg. The left 
atrial a wave peak ranged from 4 to 16 mm. 
Hg and averaged 10.4 mm. Hg. Thus, the left 
atrial a wave pulse pressure, i.e., the differ- 
ence between the pressure at the onset and at 
the peak of the a wave ranged from 1 to 7 
mm. Hg and averaged 3.4 mm. Hg. The left 
atrial z point pressure,® i.e., the atrial pres- 
sure at the onset of left ventricular contrac- 
tion, ranged from 1 to 13 mm. Hg and aver- 
aged 7.6 mm. Hg. The tallest wave in the left 
atrial pressure pulse was generally the v peak, 
i.e., the pressure at the time of the opening 
of the mitral valve. This ranged from 6 to 21 
mm. Hg and averaged 12.8 mm. Hg. The left 
ventricular end-diastolic pressure differed lit- 
tle from the mean left atrial and the left atrial 
z point pressures; it ranged from 5 to 12 mm. 
Hg, with an average value of 8.7 mm. Hg. 

A typical left atrial pressure pulse in one 
of the subjects is reproduced in figure 2. 


Discussion 
It is well established, on the basis of ex- 
perimental observations in the dog, that the 
mean pressure in the left atrium normally 
exceeds that in the right atrium.’ Although 
pressures from the left atrium have been re- 
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Figure 2 
A representative left atrial (L.A.) pressure trac- 
ing. 


corded in patients with atrial septal defects 
at the time of cardiac catheterization for 
many years,!!:1* the presence of the inter- 
atrial communication in such patients lowers 
the left atrial pressure and reduces the nor- 
mal interatrial pressure gradient. Thus, the 
left atrial pressure in these patients cannot 
be considered to be representative of that ex- 
isting in normal subjects. Left heart pressure 
measurements in patients without cardiovas- 
cular disease have, up to now, been limited 
to observations carried out at the time of 
thoracotomy.'**!* In patients with an open 
chest the mean left atrial pressure averaged 
7.5 mm. Hg in one series” and 9.0 mm. Hg 
in another ;'® the left ventricular end-diastolic 
pressures ranged from 5 to 14 mm. Hg in one 
group’ and 5 to 17 mm. Hg (mean 9 mm. 
Hg) in the others.‘ The mean left atrial 
pressure exceeded the mean right atrial pres- 
sure by an average of 2 mm. Hg, whereas the 
left ventricular end-diastolic pressure ex- 
ceeded the right ventricular end-diastolic 
pressure by an average of 3 mm. Hg.'® The 
close correspondence between these values, 
obtained at the time of operation, and the 
pressure values obtained at catheterization 
and reported herein is of interest. 


Summary 

Transseptal left heart catheterizations were 
carried out in 18 patients without apparent 
evidence of organic cardiovascular disease. 
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These studies have permitted delineation of hemorrhagic shock. Am. J. Physiol. 163: 401, 
the pressures that exist in the left side of the 1942, 
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Aneurysm of the Distal Popliteal Artery and Its 
Relationship to the Arcuate Popliteal Ligament 


By Starrorp W. Gepoe, M.D., Joun A. Spirren, Jr., M.D., 
AND JOHN C. Ivins, M.D. 


c 1953 Gifford, Hines, and Janes’ clearly 
demonstrated the high incidence of serious 
complications in patients with untreated 
aneurysms of the popliteal artery. They 
pointed out that arteriosclerosis was present 
in almost all the 100 popliteal aneurysms that 
they studied and that the aneurysms were not 
infrequently bilateral or multiple. 

Popliteal aneurysms are seen predominant- 
ly in men more than 50 years of age and are 
usually asymptomatic until complications oc- 
eur. These may be local swelling and pain, 
a prominent venous pattern or edema below 
the knee, or ischemia with intermittent clau- 
dication, ischemic neuritis, ulceration, and 
gangrene. The complications are results of 
local pressure from or rupture of the aneu- 
rysm, thrombosis within the aneurysm, or 
peripheral embolization from the aneurysm. 

In 1916 Halsted? and Reid* experimentally 
produced cireumscribed dilatation of an ar- 
tery immediately distal to a partially occlud- 
ing band and related this phenomenon to the 
dilatation of the subclavian artery observed in 
certain cases of cervical rib. Similar post- 
stenotic dilatation has often been observed in 
other arteries. In the aorta it appears com- 
monly distal to stenosed aortic and pulmonary 
valves and distal to coarctate segments. The 
physical phenomena that occur distal to a 
stenotic segment of artery were described by 
Holman* in 1954 as follows: 


A mass of fluid ejected through a narrow and 
limited constriction under high velocity strikes 
against a more slowly moving mass of fluid distal 
to the stenosis, resulting, first, in the conversion 
of high kinetic energy into high potential energy 
or lateral pressure and, second, in the lateral de- 
flection of the rapid stream and even in a complete 
reversal in the direction of flow, thus producing 





From the Mayo Clinie and the Mayo Foundation, 
Rochester, Minnesota. 





eddies of alternating high and low pressure whose 
repeated impacts over prolonged periods against 
an elastic wall are capable of inducing structural 
fatigue and distention of that wall, resulting 
eventually and inevitably in the phenomenon of 
poststenotie dilatation. 

To relate the phenomenon of post-stenotic 
dilatation to the pathogenesis of popliteal 
aneurysms, a review of the anatomy of the 
popliteal space is necessary (fig. 1). About 
two thirds of the way down the thigh, the 
femoral passes posteriorly and_ in- 
feriorly through the tendinous hiatus of the 
adductor magnus and enters the popliteal 
fossa as the popliteal artery. Within the 
popliteal space the popliteal artery lies in 
loose fatty tissue and is freely mobile. Ac- 
cording to Boyd and co-workers,® the popli- 
teal artery then enters a fibrous tunnel de- 


artery 


rived from the fascia on the deep surface of 
the gastrocnemius just above the level of the 
knee joint. The fascial covering narrows to 
form a Gefinite fibrous band, % to % inch 
broad, attached to the capsule of the knee 
joint at the level of the joint. 

In addition to the fibrous band described 
by Boyd, which is posterior to the popliteal 
artery, there is another ligamentous structure, 
the arcuate popliteal ligament, which is an- 
terior to the popliteal artery. The arcuate 
popliteal ligament arches upward on _ the 
lateral side of the popliteus muscle from the 
head of the fibula, crossing the popliteus mus- 
ele and blending into the ligaments of the 
posterior knee joint medially. This ligament 
is particularly sharp and prominent when 
the lower leg is fully extended. 

The popliteal artery crosses the arcuate 
popliteal ligament posteriorly at the level of 
the knee joint or just inferiorly. It is at this 
point that arteriograms have shown throm- 
bosis of the popliteal artery most often.® As 
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a corollary, it is distal to this point that pop- 
liteal aneurysms may occur. It is conceiv- 
able then that popliteal aneurysms may result 
not only from post-stenotie dilatation distal 
to the adductor magnus hiatus but also from 
post-stenotic dilatation distal to the arcuate 
popliteal ligament. 

It should also be recognized that the popli- 
teal fossa is a rather confined space covered 
with the strong sural fascia. Pressure applied 
posteriorly to the popliteal artery would com- 
press the posterior tibial nerve and popliteal 
vein before the artery itself. Therefore it is 
hypothesized that in distal popliteal aneurysm 
the pressure resulting in post-stenotie dilata- 
tion of the artery arises anteriorly from the 
arcuate popliteal ligament, rather than pos- 
teriorly from a fibrous band as described by 
Boyd. Distal to the arcuate popliteal liga- 
ment the popliteal artery is cushioned by the 
popliteus muscle, and the artery terminates 
close to the inferior edge of the muscle, divid- 
ing into the anterior and posterior tibial ar- 
teries. 

Probably the formation of aneurysm is ac- 
celerated in vessels that are atherosclerotic 
and are subjected to repeated trauma. In 
1952 Palma,® in his study of stenosis and 
stenotic arteriopathy of Hunter’s canal, sug- 
gested that pathologic changes oecur because 
of repeated microtrauma secondary to systolic 
expansion of the vessel wall. Also, the effect 
of trauma to the popliteal artery during 
flexion and extension of the knee joint has 
been emphasized by Boyd and co-workers® and 
Lindbom.* 

Observations in two recent cases having 
aneurysms of the proximal and distal popliteal 
artery and in another case having bilateral 
distal popliteal aneurysms lend support to 
the etiologic role of post-stenotic dilatation in 
formation of such aneurysms. 


Illustrative Cases 
Case 1 
A 70-year-old man with diabetes mellitus was 
referred to the Mayo Clinic because of severe 
burning pain, numbness, and coldness of 9 days’ 
duration in the right leg. He had been aware 
of claudication in both calves for about 1 year, 
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Figure 1 
Anatomic drawing of popliteal artery showing its 
relationship to arcuate popliteal ligament. 


On examination he was normotensive. He could 
not move the toes of the right foot, and they ap- 
peared mottled and eyanotie. The right anterior 
tibial muscle was edematous and moderately ten- 
der. The veins of the right leg were prominent. 
The dorsalis pedis and posterior tibial pulses were 
absent on the right, and a 6-em. pulsating oblong 
mass was palpable in the right popliteal fossa. 
Prominent pulsations were present in the left 
popliteal fossa also. 

The diagnosis was bilateral popliteal aneurysms 
and distal embolic occlusion from the right aneu- 
rysm, 

Because gangrene developed in the right foot, 
a right midthigh amputation was necessary. Gross 
examination showed that the right femoral artery 
was enlarged to five times its normal size. The 
dissected specimen revealed two distinct popliteal 
aneurysms separated by a segment of relatively 
normal-appearing artery (fig. 2). The proximal 
aneurysm measured 7 by 6 by 5 em. and was 
located immediately distal to the adductor magnus 
hiatus; the distal aneurysm measured 6 by 5 by 
4 em. and was located immediately distal to the 
arcuate popliteal ligament. 


Case 2 


A 59-year-old man was seen at the Mayo Clinic 
with the complaint that for 6 months walking 
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Figure 2 


Case 1. Photograph of popliteal fossa in dissected 
amputated limb of patient having proximal and 
distal popliteal aneurysms. 


one to two blocks had produced pain in the left 
ealf. 

On examination he was normotensive. Pulsa- 
tions were absent from the left popliteal, posterior 
tibial, and dorsalis pedis arteries. On elevation 
of the left foot, pallor was moderately severe; 
and venous filling time was prolonged. There 
was no palpable aneurysm. 

A left femoral percutaneous arteriogram showed 
no filling in a segment supplied by the distal 
femoral artery and proximal popliteal artery. 
There was good filling distal to this segment. 

On surgical exploration of the left popliteal 
space, the popliteal artery was thrombosed distal 
to the adductor magnus hiatus. Between the heads 
of the gastrocnemius at the level of the arcuate 
popliteal ligament there was a narrowed segment 
in the popliteal artery with a small aneurysm 
distal to this point. A segment of popliteal artery 
was excised, and an alcohol block of the left lum- 
bar sympathetic ganglion was performed.® Re- 
covery was uneventful. 

Four years later this man returned because of 
severe pain of 4 days’ duration in his right calf. 
Since his last examination and surgery he had 
had claudication of both calves after walking 
three blocks rapidly. 

Examination revealed exquisite tenderness, 
tenseness, and edema of the right calf with mini- 
mal edema of the ankle. There was moderate 


venous distention. In the left popliteal, dorsalis 
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pedis, and posterior tibial arteries pulsations were 
present but moderately diminished in amplitude. 
The right pedal pulses were difficult to assess be- 
cause of edema, but the pulsation of the right 
popliteal artery was prominent low in the pop- 
liteal space and even in the upper part of the 
calf. 

A diagnosis of acute right sural thrombophle- 
bitis was made, and the possibility of its being 
secondary to a popliteal aneurysm was considered. 

A right femoral arteriogram showed question- 
able evidence of a popliteal aneurysm. On surgi- 
eal exploration, an aneurysm of the distal popli- 
teal artery was palpable anterior to the medial 
head of the gastrocnemius. It measured approxi- 
mately 6 em. in length and 3 em. in diameter. A 
right lumbar sympathectomy was first performed, 
and then the popliteal artery was cross-clamped 
and transected above and below the aneurysm. 
A Teflon graft was inserted. The patient’s post- 
operative course was satisfactory. 


Case 3 


An 82-year-old man was referred to the Mayo 
Clinie because of pain, coldness, and numbness 
of 10 hours’ duration in the right leg and foot. 
He was unable to move the toes of the right foot. 
He had known of the presence of an aneurysm 
of the right popliteal artery for 2 years, and for 
the same period he had experienced bilateral calf 
claudication on walking one half to one block. 

On examination the blood pressure was 210 mm. 
of mercury systolic and 90 diastolic. The right 
leg was cold below the knee and the right foot 
was markedly pale. The patient was unable to 
move his right foot or toes. On the right, popli- 
teal, dorsalis pedis, and posterior tibial pulsations 
were absent; and on the left, dorsalis pedis and 
posterior tibial pulsations were absent and popli- 
teal pulsations were reduced. There was marked 
pallor on elevation of the right foot and moderate 
pallor on elevation of the left foot. Venous fill- 
ing time was greater than 60 seconds on the right 
and was 30 seconds on the left. 

Conservative treatment with a hot room, whis- 
key, anticoagulants, and papaverine resulted in 
improvement of the right foot with increase of 
warmth, sensation, and motor power over a 2-day 
period. The anterior tibial muscle became edema- 
tous, however, and the venous pattern of the 
right lez became more prominent. After 6 days 
the right lower leg became more edematous and 
the popliteal pulsations more diffuse. A leaking 
popliteal aneurysm or venous thrombosis was 
suspected. 

Ultimately gangrene of the right foot and leg 
developed, and a midthigh amputation was per- 
formed. Dissection of the specimen disclosed two 
popliteal aneurysms. The first was just distal to 
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the adductor magnus hiatus, the second just distal 
to the arcuate popliteal ligament. 


Summary 

Two cases presenting complications of pop- 
liteal aneurysm requiring amputation have 
been presented. Dissection of these limbs 
showed proximal popliteal aneurysms located 
immediately beyond the adductor magnus 
tendinous hiatus and, in addition, distal pop- 
liteal aneurysms immediately below the arcu- 
ate popliteal ligament. 

Another case is described in which bilateral 
popliteal aneurysms were located in the distal 
popliteal artery—that is, immediately below 
the arcuate popliteal ligament. These find- 
ings support the concept that post-stenotic di- 
latation may be one of the causal factors in 
the pathogenesis not only of proximal but 
also of distal popliteal aneurysms. 
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Being venturesome involves taking risks. The risks will vary with different disciplines. 
Chemists have been killed or seriously maimed in their efforts to discover new kinds of 
explosives. Bacteriologists have been rendered desperately ill or have died from diseases 
for which they have been endeavoring to find a cure. Workers with the X-rays, in the early 
days before the dangers were realized, lost the use of fingers and hands or became 
horribly mutilated by the destructive energy of that powerful agent. In other realms of 
research the dangers may not be so serious, but all research is fairly certain to involve at 
least the regrettable risk of losing time. “Uncertainty and loss of time,” as Emerson 
wrote, “are the nettles and tangling vines of the self-relying and the self-directed.” Since 
time runs in only one direction, the eager investigator always looks upon its loss with 
sorrow. In my own experience I have too often had only labor for my pains. If the time 
I have spent in fruitless efforts to obtain control of the workings of the thyroid gland 
could be added to the end of my days, my span of life would be prolonged, I feel sure, 
by some years.—Watter B. Cannon, M.D. The Way of An Investigator. New York, W. 
W. Norton & Company, Ince., 1945, p. 29. 





Heart Disease and Workmen’s Compensation 


What Are the Costs to the Insurance Carrier? 


By Rosert D. Russeiu, Ep. D., anp RopNry R. Bearp, M.D. 


66 VERY CARDIAC INJURY CLAIM 
E; gets an award, and every award is a 
sizable one.’’ This generalization concerning 
the awards under the Workmen’s Compensa- 
tion Act of the State of California stands as 
an increasingly obstinate barrier to the reha- 
bilitation of cardiae cases in this State. The 
recognition of this fact was translated into a 
tangible form of action in 1955 when a team 
of research workers sponsored by the Cardiac 
in Industry Committee of the California 
Heart Association undertook a study of 
‘‘Heart Disease Claims under the California 
Workmen’s Compensation Act’’! — in order to 
substitute some facts for opinions in the eru- 
cial area of whether or not a cardiac accident 
is work connected. The authors concluded that 
heart disease claims filed in the study period 
(1948-1951) were not very great in compari- 
son to the size of the State’s population and 
to the number of deaths caused by heart dis- 
ease ; heart claims constituted 1.7 per cent of 
all claims decided by the Industrial Accident 
Commission during this period. They noticed 
discrepancies in judgment among physicians 
and concluded that education of physicians 
for the part they play in these case proceed- 
ings is needed. Their final statement said, 
‘‘TIt may also be pointed out that the allega- 
tion that ‘every heart claim gets an award’ 
has not been substantiated by this study.’” 
In 1959 the present authors organized a 
follow-up study, sponsored by the Committee 
on Rehabilitation of the California Heart 
Association. This study was designed to at- 
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tack the area of costs—what the insurance 
earriers (and, ultimately, the employers) paid 
to workers or survivors filing cardiac accident 
claims for the period 1948-1951. The Com- 
mittee would like to offer these data in a 
comparative way with figures from other 
states and with cost data associated with other 
types of injury. Yet it seems that the infor- 
mation for comparison is not available; this 
investigation, then, must stand on its own or 
serve as a basis for later comparison. 

The authors also are fully aware that costs 
for the period 1948-1951 cannot be accepted 
as directly representative of costs a decade 
later. The cases from this 4-year span were 
selected because they were the cases used in 
the original study and because during this 
span all cardiac cases went to a referee of 
the Industrial Accident Commission for dis- 
position. In subsequent years all cases have 
not gone to referees, which introduces another 
variable into such a cost investigation. Thus 
it would seem that the figures for any time 
span—no matter how recent—would have to 
be qualified. The results of this investiga- 
tion are offered as a point of departure and 
a base for further study. 

A total of 523 case-record abstracts (filed 
in the Northern and the Southern California 
offices of the IAC) were available for use in 
the selection of a study sample. In the origi- 
nal study the cases for each district office 
were numbered consecutively; using a table 
of random numbers, the investigators selected 
100 eases and 14 alternates to be included in 
the sample. 

Out of the total of 114 cases, two were 
found to be noncardiac injuries and five (4 
per cent) offered no cost information of any 
kind, leaving a working sample of 107 cases. 

The procedure for gathering the data con- 
sisted of tracking each selected case back to 
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the insurance carrier and obtaining, either 
through a mailed form or the investigator’s 
personal visit, all the cost data available. 
When the company was unable to provide in- 
formation (due to destruction of records) the 
investigator went back to the case summary 
developed and utilized in the original Beard 
study, which provided the major cost items 
in most eases. 

The information sought was as follows: 

1. Amount paid on Temporary Disability 
(amount per week, number of weeks, 
and total amount). 

Amount paid for Permanent Disability 

(amount per week, number of weeks, 

and total amount—for both Permanent 

Total Disability and Life Pension). 

Amount paid for medical care. 

Amount paid for Subsequent Injury. 

Amount paid in Death Benefits, either 

as direct benefits or as burial expense. 

6. Amount of Compromise and Release 
settlement. 

. Amount of other Direct Costs (inves- 
tigations, phone charges, medical ex- 
aminations, ete.). 

8. Amount in reserve set aside if the in- 

jured is still living. 

9. Amount held in reserve for future 

medical costs. 

10. Amount of Indirect Costs. 

Sixty of the cases (56 per cent) provided 
‘‘full information,’’ defined as those cases 
in which items 1 through 8 in the foregoing 
list were included or apparently nonexistent. 
Forty-seven cases (44 per cent) were repre- 
sented by partially complete figures; in 38 
of these (35 per cent of the total) the infor- 
mation came from the abstracted case record 
previously referred to. 

The following profile of the sample can be 
sketched in from a review of the data*: 


bo 


ore ge 


“I 


*A number of the case reports were much less 
precise as to the exact breakdown of the award than 
the categories set up for this study; as a consequence, 
the investigator had to make a number of judgments 
—with consistency as one of the major guideposts— 
as to how particular cases and amounts should be 
considered. 
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Out of 107 cases in the sample, 


1. Seventy-nine 


or 


6. 


-~l 


received 
awards of some magnitude, while 28 
(26 per cent) were denied any com- 
pensation. 


(74 per cent) 


Nine cases (8 per cent) were awarded 
Temporary Total Disability, six (6 per 
cent) were awarded Permanent Disa- 
bility, four (4 per cent) received both, 
five (5 per cent) were awarded some 
unknown combination (including death 
benefits), making a total of 24 (22 per 
cent) who received awards of disability 
payments. 

The most prevalent type of compensa- 
tion was the Compromise and Release 
Settlement, which went to 46 of the 
cases (43 per cent) ; this form of settle- 
ment was at least part of 58 per cent 
of all awards. 


. Twelve cases were awarded statutory 


death benefits (12 per cent). 


. Medical payments were awarded in 37 


of the cases (35 per cent) ; in addition, 
nine (8 per cent) were reimbursed for 
medical examinations in conjunction 
with hearing proceedings or death. Of 
the former group 17 (16 per cent) were 
compensated for both disability and 
medical care, 11 (10 per cent) received 
medical reimbursement plus a compro- 
mise and release settlement, four (4 per 
cent) were awarded a combination of 
medical care, temporary disability, and 
compromise and release, three (3 per 
cent) received medical plus death bene- 
fits, and two (2 per cent) medical ex- 
penses alone. 

Six cases from the total sample (5 per 
cent) are still open and being paid (8 
to 13 years after injury). 


. Out of the 114 cases initially selected 


for review, two were noncardiac; of the 
remaining 112 heart cases, 49 (44 per 
cent) were dead at the time the In- 
dustrial Accident Commission decision 
was rendered (fig. 1). 


Because of the division of the sample into 








Benefit of any kind 
(79 cases) 






Compromise & Release 
settlement (46 cases} 





Death benefits [J2 cases) 


| Medical (7 cases) 





Disability compensation (24 cases) 
| 







No benefit 
{28 cases) 
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Figure 1 

Major varieties of Workmen’s Compensation bene- 
fits awarded to a sample of 107 heart disease 
claimants, California, 1948-1951. (The percentages 
in this figure total more than 100 per cent due 
to the fact that five cases (5 per cent) received 
both temporary disability and a Compromise and 
Release settlement and thus were counted twice, 
and the fact that all but two (5 per cent) of those 
receiving medical treatment costs were awarded 
some other form of benefit as well.) 


those cases with reasonably complete infor- 
mation and those with partial or incomplete 
information the cost figures must show these 
two categories. Table 1 presents the mean and 
median total costs for a cardiac injury 
(rounded off to the nearest whole dollar). 

If one considers total costs from a slightly 
different viewpoint, it can be shown that 
among the 60 cases for which data were com- 
plete, 20 (33 per cent) cost less than $1,000, 
while 22 (37 per cent) amounted to $6,000 
or more. For 30 cases with incomplete fig- 
ures on the payments paid, seven (15 per 
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cent) averaged less than $1,000, and three 
(10 per cent) cost above $6,000 each. Putting 
all the figures together, 27 (25 per cent) of 
the cases cost less than $1,000, while 25 (23 
per cent) received awards and incurred costs 
totaling $6,000 or more per ease (fig. 2). 

There is a temptation to infer that the 
costs of the cases with ‘‘incomplete informa- 
tion’’ would approach those with ‘‘complete 
information’’ if all the data concerning them 
were available. This inference is probably 
incorrect. The major items of compensation 
payments and medical benefits were complete 
in most instances; the information lacking 
was mainly with respect to investigational 
costs, medical examinations, and similar rela- 
tively inexpensive items. Simply because they 
were more important, more complete records 
were kept on the high-cost cases. 

The range in costs of the 79 cases receiv- 
ing awards was from $76.89 to $30,541, with 
the latter case still ‘‘open’’ and receiving 
compensation. (Both of these were ‘‘com- 
plete’’ information cases.) 

If one looks at the total cost picture in still 
another way, it can be shown that the six 
eases (6 per cent) with the highest awards 
(averaging just over $15,000 each) cost the 
insurance carriers a total of $90,610—or 26 
per cent of the total awarded in cardiac 
eases for the sample in the 4-year period. To 
approximate this figure from the low com- 
pensation award cases would require 59 cases 
(55 per cent), the total costs from which 
total $89,974 (26 per cent). 

Total awards and costs have thus been pre- 
sented in a number of ways; it would now 
seem appropriate to break these down and 
look at them in terms of the ‘‘categories”’ 














Table 1 
Mean and Median Total Costs for a Cardiac Injury, California, 1948-1951 
Mean total cost per case (full information) ................ccccccvcsesave $4,486 
Mean total cost per case (incomplete information)....................2.000- 1,584 


Mean total cost per case (both)....... 


Median total cost per case (full information)........................0+2- S09] 


Median total cost per case (incomplete information)..................ee000: 713 


Median total cost per case (both)...... 
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spelled out in the earlier profile. Figures 
used in the succeeding paragraphs refer, 
then, only to that portion of the total sum paid 
which was designated temporary disability, 
medical, Compromise and Release, ete. 

As was indicated earlier Compromise and 
Release settlements were the most frequent 
result of a cardiae injury claim. Of the 45 
cases so settled the mean cost was $2,427, the 
median cost was $1,750, and the range was 
from $9 to $7,500, with 24 per cent of the 
cases under $1,000 and only 15 per cent above 
$4,000. 

Nine cases from the sample (8 per cent) 
were awarded Temporary Disability. The 
mean cost of these awards was $1,051, and 
the median cost was $876.43. The range of 
judgments was from $90 to $2,790. 

The six cases (6 per cent) receiving Per- 
manent Disability represented a range be- 
tween $2,179 and $9,496, with a mean cost 
of $6,701, and a median of $7,335. In these 
cases the awards tended to cluster in the 
$6,000 and $7,000 categories, so that disre- 
garding the one low award would raise the 
mean to $7,065. These figures can be con- 
sidered indicative only of relative costs for 
a timespan, inasmuch as four of the six are 
still ‘‘open’’ cases. Two cases are receiving 
$18.46 per week, one $6 per week, and the 
fourth $3.85 per week as a life pension. 

A total of 24 cases (22 per cent) received 
disability awards of some type. The range of 
awards was from $90 to $30,541; the mean 
cost was $5,431, and the median was $4,649. 
As would be expected these disability cases 
were somewhat more expensive than the aver- 
age; whereas the number of cases (24) rep- 
resents only 22 per cent of the total working 
sample, the total cost of the cases represents 
38 per cent of the total cost. 

Twelve awards (11 per cent) were death 
benefits; the mean of these was $5,471 and 
the median $5,800. (Disregarding one very 
low award brings the mean figure to $6,010, 
an even closer approximation to the median.) 

Mean medical costs for the 37 eases in which 
this form of compensation was given were 
$1,111, but this figure was greatly influ- 
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Total costs per case of 90 cases of heart injury, 
California, 1948-1951. The 90 cases include the 79 
that received awards plus 11 that received no 
award but cost the insurance carrier an identifiable 
sum of money. The 17 cases that cost nothing are 
not included. In these 11 cases, then, “received no 
award” is not synonymous with “cost nothing.” 
enced by a few large awards. Specifically, 
it can be shown that the five cases receiving 
awards of more than $2,000 (averaging just 
over $4,000), while representing only 14 per 
cent of the total number, cost their carriers 
an amount equal to 52 per cent of the total 
cost of medical care. Without these five cases 
the mean cost is slightly more than half its 
original size ($622) and more closely ap- 
proximates the median expense figure of 
$467. Four cases are still ‘‘open,’’ the carrier 
being responsible for all further medical bills 
related to the cardiae condition. 

The category ‘‘Other Direct Costs’’ con- 
tained a figure in 50 of the cases (47 per 
cent) ; the range of costs was $2.50 to $627.12, 
the mean cost $142 and the median $50. Again 
a rather large gap is noted between the mean 
and median, which is partially explained by 
the revelation that 50 per cent of the costs 
were under $50 and a total of 64 per cent 
were under $100, with 18 per cent between 
$100 and $200, 10 per cent between $250 
and $350, and the final 8 per cent costing 
over $350. 

Another interesting group of figures avail- 
able to the investigator involved time rather 
than money—and may be helpful in answer- 
ing questions such as ‘‘how long does it take 
to complete a case?’’ or ‘‘How long is it, 
typically, between a cardiac injury and set- 


tlement of the claim?’’ It was found that 
a mean period of 6.1 months passed between 
the day of injury and the day of filing the 
first claim with the Industrial Accident Com- 
mission (median—5 months). Nearly 50 per 
cent filed within 5 months, but 5.5 per cent 
took more than 2 years to take this action. 

It also was found that the total mean time 
span from first Industrial Accident Com- 
mission entry until the last closing item was 
11.4 months. If the three cases with long 
settlement periods (50 to 84 months) were 
left out, the mean dropped to 9.8 months, 
and if the mean were calculated without the 
top 10 per cent of cases it amounted to 7.5 
months. 

In answer to the question as to whether 
the two offices (Los Angeles and San Fran- 
cisco) processed cases alike it was found that 
while the mean for San Francisco was 10.58 
months and that for Los Angeles 12.83, the 
“*t’’ test for the significance of difference 
between means showed a ‘‘t’’ value of 1.22, 
indicating that this difference readily could 
have occurred by chance. 

In 40 cases the insurance carriers pro- 
vided their closing dates, and for this group 
the mean time elapsing between injury and 
claim settlement was 39 months (median— 
32.5 months). About one third of the cases 
were settled in 20 months or less, and 12% 
per cent took over 70 months; more than half 
fell into the category 10 to 50 months, or 1 
to 4 years. (This does not include the six 
eases still open and being paid, where the 
mean time elapse since Industrial Accident 
Commission closure has been 9 years, 31% 
months. ) 

In discussing the procedure utilized in this 
investigation the authors have concluded that 
whereas in some cases rather complete in- 
formation finally was available from the in- 
surance carriers, the number of these cases 
and the extent of the completeness did not 
justify such a time-consuming method. The 
investigator soon learned that private insur- 
ance companies make it a policy to destroy 
ease records 5 to 10 years after the closure 
date. Undoubtedly the most efficient and 
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uniform procedure would be to use the total 
Industrial Accident Commission file as the 
source, compiling figures on awards only. 
(One of the results of this study, which 
showed that ‘‘Other Direct Costs’’ are re- 
ported as representing only 2 to 3 per cent 
of the total.mean cost, would seem to justify 
this slightly more gross but greatly more effi- 
cient procedure.) Use of a common source, 
such as the Industrial Accident Commission 
file, would eliminate the variable of greatly 
varying precision in data reporting which 
must be admitted in preface to the conclusions 
of this study. 

If one looks at the information presented 
as a basis for comment, it is interesting to 
note that most claims are settled rather quick- 
ly, with only 6 per cent still open (8 to 13 
years after injury). (Two of these cases are 
receiving a life pension, two life pension and 
medical expenses, and two medical expenses 
only.) The majority of cases, then, are set- 
tled in less than 4 years. 

Though this study does show again that 
every heart case does not get an award, it 
also discloses that slightly less than three- 
quarters of the claimants do get an award of 
some amount. In this regard, the fact that 
the insured died before settlement seems to 
be pertinent to the decision; 27 per cent of 
all cases in the sample received no award; 
17 per cent of the deceased received no 
award, while 35 per cent of those surviving 
received nothing. (The treatment of these 
figures by the Chi square procedure shows 
the difference significant at the .03 level.) 
This would indicate that the survivors of 
deceased claimants were more likely to re- 
ceive an award than would be the case if 
death had not occurred, chance being a very 
slight factor. 

The report indicated earlier that the Com- 
promise and Release settlement was the most 
common result of a case judgment. The rea- 
sons behind such an observed reality may 
be inferred from observations that follow: 
1. Individual physicians may dispute one 
another’s judgment in case testimonies. The 
Industrial Accident Commission considers 
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the judgment of any licensed physician to 
be as competent as any other. Where testi- 
mony is in conflict, the result is usually a 
Compromise and Release settlement. In gen- 
eral among the sampled eases, the indefinite 
statement of a single physician that the al- 
leged injury ‘‘might have been work-connect- 
ed’’ would change a ‘‘no award’’ ease to a 
Compromise and Release settlement. How- 
ever, in one instance a case in which all the 
facts seemed to point to a generous award 
was finally settled by Compromise and Re- 
lease when one physician strongly averred 
that ‘‘there was no unusual strain to which 
this attack can be attributed... ’’ 2. Claim- 
ants may be so bothersome that a carrier 
may compromise just to be rid of them. In 
one such case an award was denied 5 months 
after the claim was filed; 3 months later 
this denial was reaffirmed. One year later 
a case reopening plea was denied. Upon the 
injured’s death (1 year later) the case was 
finally reopened, and a Compromise and Re- 
lease figure of $3,400 was agreed upon. The 
record states, ‘‘However, the defendants 
are willing to pay said sum to end liti- 
gation and buy their peace.’’ 3. Some phy- 
sicians may word their statements with sym- 
pathy for the patient as a guide. Douglass 
A. Campbell, J.D., the ‘‘dean’’ of the Cali- 
fornia Industrial Accident referees, stated, 
in an address to the California Heart As- 
sociation ‘‘. . . that the accused event might 
have caused the heart attack is not scien- 
tifically sufficient for an opinion of causa- 
tion .. . for every ‘sympathy decision’... 
literally hundreds, if not thousands, of ear- 
diae cripples will be denied the chance to 
work.’’? The Compromise and Release settle- 
ment, then, may symbolize both a lack of 
accurate, agreed-upon medical knowledge re- 
garding heart disease and a social and eco- 
nomic value situation in which the desire 
that people should not have to be in need as 
a result of an injury is not yet matched by 
the proper structures to provide such funds. 

If one assumes that the vast majority of 
cardiac accidents would require some amount 
of medical care, it is interesting to note that 
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only 35 per cent received such an award. 
Costs for this form of award seemed reason- 
able ; the difference between mean and median 
figures is explained by the top four cases 
(11 per cent), whose awards averaged over 
$4,500—including one case that accounted for 
24 per cent of the total medical care awards. 
Thus, while the chance of high medical bills 
is present, it seems to be just about 1 in 10. 

The total cost of a case can be expected to 
fall within the range of $2,000 to $4,500. The 
$1,500 discrepancy between the mean and 
median figures emphasizes the importance of 
those who receive sizable awards (the 7 per 
cent of the claimants with the highest awards 
received monies equal to those received by 67 
per cent who rated small awards). The same 
generalization would hold for Compromise 
and Release settlements, though the discrep- 
ancy difference here is less than $700. 

As expected, disability awards amounted to 
more than Compromise and Release settle- 
ments; roughly two-and-a-half times more. 

In summary and conclusion, this report has 
provided some definite cost figures taken from 
a randomly selected sample of cardiac cases 
whose claims were heard by a referee of the 
California Industrial Accident Commission 
during the 1948-1951 period. 

It shows that Workmen’s Compensation 
benefits cost, on the average, about $3,000 per 
case. Disability and death benefit awards 
accounted for 34 per cent of the awards and 
averaged just under $5,500 each. Medical 
awards were made in 35 per cent of the cases 
and averaged $1,111, though this figure was 
greatly influenced by a few large payments. 
The Compromise and Release settlement was 
the form of compensation in 43 per cent of the 
cases—and was at least a part of 59 per cent 
of the awards; mean cost of these cases was 
$2,427. Only 6 per cent of the total sample 
were ‘‘open’’ cases (still being paid). 


It further shows that about 6 months, on the 
average, elapsed before a worker filed a claim, 
and that the disposition required just less 
than 1 year. The mean time for completion 
of an award case with the insurance carrier 
was just over 3 years. 
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While reliable, comparable figures on the 
costs of Workmen’s Compensation benefits for 
other disease or injury categories or for other 
States have not been available, we have the 
impression that the average in other cases in 
California is considerably lower, probably less 
than $1,000. Thus, the occurrence of a com- 
pensable heart injury in a small business could 
lead to a perceptible increase in insurance 
premiums. However, as was previously shown, 
the probability of such happening is not great, 
due, largely, to the general policy of basing 
rate changes upon a much broader category 
of business than the unfortunate experience 
of a single small firm. Also, the majority of 
such cases oceur as a result of arteriosclerotic 
heart disease, and most of them are in persons 
without previous knowledge of heart disease. 
Arbitrary exclusion from employment on the 
basis of having had ‘‘a heart attack’’ or ‘‘high 
blood pressure’’ or an abnormal electrocardio- 
gram will not effectively conserve the em- 
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ployer’s Workmen’s Compensation insurance 
premiums, while it does unnecessarily blight 
the lives of many able people whose coronary 
artery disease has become evident. The answer 
to the problem of Workmen’s Compensation 
costs lies in the appropriate work assignment 
of workers with heart disease (and all other 
workers) and the development of other forms 
of sickness and disability insurance which will 
make it less necessary to look to Workmen’s 
Compensation as a source of support for the 
disabled, widowed, and orphaned. 


. 
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Reactivity of Cardiac Vessels and Reparative 
Processes Following Cardiac Infarction 


By Sercey V. ANpREEv, M.D. 


— VARIOUS FACTORS regulating 
the blood supply of tissues, the essential 
role belongs to the reactivity of blood vessels. 
Inadequate vascular reactivity, which is rare- 
ly observed in physiologic conditions, may oc- 
cur rather frequently in pathologic situa- 
tions. Inadequate and especially a distorted 
vascular reaction increases the circulatory 
derangement resulting in the delay of repara- 
tive processes. The changes in vascular reac- 
tivity are of great significance, mainly for 
the functioning of the heart. 

In accordance with the above factors, there 
appears a very important assignment for the 
experimental investigations in the field of 
cardiovascular pathology, namely, for the 
studies of vascular reactivity in the heart 
and of different. methods, which may lead 
to the activation of reparative processes fol- 
lowing cardiac infarctions as well as of other 
organic impairments of the heart, which 
might become useful for the cardiologic clinic. 


Materials and Methods 

Vasomotor activity of the heart was studied with 
the aid of the motion picture, coronary onkog- 
raphy, and automatic registration of the amounts 
of nutrient fluid outflowing from the vessels of 
isolated heart. 

A motion picture of the cardiac vessels was 
taken at the rate of 24 pictures per second in 
thoracotomized dogs exposed to the acute experi- 
ment and maintained under artificial respiration 
for a period ranging from 20 to 90 minutes. Films 
of the motion picture had registered the changes 
in form and size of the vessel lumina, oceurring in 
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the time interval of 0.04 second. Observations 
were made before and after the intravenous ad- 
ministration of various vascular substances; two 
drops of a 1 per cent solution of nitroglycerin 
were applied to the dog’s tongue, while the physio- 
logic saline was substituted in the control experi- 
ments. After completion of the acute experiment 
the motion picture films revealing changes in blood 
vessels were studied with the aid of a photomagni- 
fier. 

A special onkograph made of plasties or of thin 
aluminum measuring 0.6 by 1.0 to 1.0 by 1.5 em. 
was arranged behind the middle third of the 
descending branch of the left coronary artery 
where its posterior surface is almost free of vascu- 
lar outbranchings. The onkograph was connected 
by means of a rubber tube with a special recorder, 
which transferred all the alterations of nutrient 
fluid on kymograph. 

Comparative onkography was performed in 
coronary, femoral, renal, and carotid arteries. 

Control records of vascular oscillations in carot- 
id, renal, and femoral arteries were made in dogs 
with normal respiration (without opening of the 
chest) following intravenous 
physiologic saline instead of 
agents. 

The hearts of adult human beings were also 
under observation. In one of the four experi- 
mental series we have studied the hearts of per- 
sons who died from a severe injury. Histologic 
investigations showed that in approximately one 
half of all these cases the coronary arteries re- 
vealed no alterations, whereas in the remaining 
half the coronary vessels were atherosclerotic. The 
second series of such experiments was conducted 
on the hearts of individuals who died from acute 
coronary insufficiency (stenocardia), and the third 
series on hearts with cardiac infarctions. The 
fourth series was done on hearts of human embryos 
and children of different age groups. 

Two series of experiments were made on dogs: 
in animals with normal myocardium and in those 


administration of 
various vascular 
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with experimentally produced cardiac infarction, 
which was induced by ligation of the descending 
branch of the left coronary artery. The reactivity 
of the eardiae vessels in the second series of ex- 
periments on dogs was studied in different stages 
of developing cardiac infarction. 

The pressure and temperature of a nutrient so- 
lution flowing through aortic cannula into the 
cardiac vessels remained constant during the entire 
experiment; therefore, the alterations in coronary 
outflow have been considered as an expression of 
oscillations taking place in vascular lumina and, 
consequently, in vascular tone. 

Calculation of the nutrient fluid passing through 
the cardiac vessels was accomplished automatically 
by special equipment resembling that of Condon.! 
The results of measurements were recorded on 
diagrams as curves showing the value of coronary 
outflow in milliliters per minute. 

Bioelectric potentials from the superior vena 
cava of a man and from the heart muscles of a 
man and a dog were lead out through unpolarizing 
brush electrodes and were recorded in the station- 
ary or portable electrocardiograph. 

The dynamics of bioelectric potentials in the 
heart muscle were studied after the introduction 
of various vascular substances in the dog’s body 
and in isolated human and animal hearts. The 
solutions of vascular agents were administered in 
the following concentrations: nitroglycerin, 1 :210° 
to 1:3.10% euphyllin, 1:5.103 to 1:2.10;3 k-stro- 
phanthin, 1:8.10* to 1:10;* adonizide and tincture 
of digitalis, 1:2107 to 1:10.2 

Activation of reparative processes in the heart 
muscle was studied in 129 adult albino rats and 
109 rabbits. In the region of the middle third 
of the anterior ventricle wall, injury to myo- 
cardium was applied in all rats by a specially ar- 
ranged eye-pincer. The area of the injured myo- 
cardial surface was 1.5 to 2.0 mm.*; its depth was 
1.0 to 1.5 mm. 

In 71 of the rabbits trauma to the heart muscle 
vas also applied by means of the modified Kocher’s 
pineer. The injured area was 6 to 10 mm.*; its 
depth, 1.5 to 2 mm. In the remaining 38 rabbits, 
experimental cardiac infarction was produced by 
ligation of the descending branch of the left coro- 
nary artery in its upper third. 

For evaluation of the functional state of myo- 
sardium the bioelectric potentials were studied in 
all animals as well as the histologic pattern of 
myocardial changes. One half of all the rats re- 
ceived vitamins and aminoacids by subcutaneous 
injections, once every 2 days in the following 
doses: cobalamine, 10 to 30 ywg.; methionine, 15 
to 30 yg.; adenosinetriphosphate, 1.0 to 3.0 mg.; 
desoxyribose nucleic acid, 10 to 30 mg.; pyri- 
doxine, 50 to 150 yug.; triptophane, 1.0 to 2.5 mg. 
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Results 

Our observations have demonstrated that 
the tone of cardiac vessels may change in the 
form of rapid and, to some extent, indepen- 
dent, rhythmic oscillations or constrictions 
of the vascular wall. Simultaneously with fre- 
quent rhythmie constrictions of the vascular 
wall there is a manifestation of protracted 
changes in the general vascular tone, which 
may result in either contraction or dilatation. 
Both types of vasomotor activity may alter 
under the influence of various vascular sub- 
stances. Depending on the type of vasomotor 
response, namely, whether it will be adequate 
or inadequate to the introduction of certain 
vascular substances, it is, to some extent, 
possible to characterize the functional state 
of vascular tone — its reactivity. 

Independeney of the rhythmic constrictions 
of the vascular wall is confirmed by the fol- 
lowing factors: 1. During the restoration of 
cardiac activity there appears an intense 
and protracted (up to 2.5 hours) constriction 
of the superior vena cava in the human ¢a- 
davar long before the onset of any contrac- 
tile activity of the heart. Some time later the 
records of bioelectric potentials in human 
superior vena cava show arrhythmic constric- 
tions (144 to 300 per minute) also in relation 
to the contractions of the heart. 2. As the 
cardiac function in man restores, the vaso- 
motor activity in the heart may appear in 
the absence of and independently of myocar- 
dial contractions. 3. An amplitude of arterial 
oscillations does not always reflect the in- 
tensity of cardiac contractions and alterations 
in the level of the entire arterial pressure. 
4. The form of oscillations in indivdual ar- 
teries may change independently of each other 
(for example, under the influence of caffein, 
epinephrine, and amylnitrite).?»> 5. Periodic 
changes in width and length of cardiac arte- 
ries and arterioles, small veins and venules 
take place in time intervals of 0.04-0.06 to 
0.8-0.12 second. These time intervals do not 
always coincide with the contractions of the 
heart muscle.® The peculiarities of vasomotor 
activity are characterized by the three types 
of rhythmic constrictions of vessels, which 
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differ from one another in amplitude, form, 
and frequency. Alterations of vascular tone 
are significantly obvious in type I and mildly 
obvious in type III. Type II occupies an 
intermediate position (fig. 1). 

Arterial oscillations have a definite signifi- 
eance in the blood supply of the heart muscle. 
In type I, with a relatively greater ampli- 
tude of oscillations, the cardiac vessels are 
able to pass through themselves approximately 
twice as much nutrient fluid as in type III 
(224 + 12 ml. and 109 + 5 ml. respectively) 
and in type II (161 + 8). Contractile fune- 
tion of the human heart muscle may be re- 
stored after death more frequently (in 45 
cases of a total of 54) during the intense 
(types I and II) vasomotor activity.® * % § 

In some diseases and intoxications of the 
body (toxic dysentery, diphtheria, broncho- 
pneumonia, acute stage of cardiae infarction ) 
the vasomotor activity of the cardiac vessels 
is strikingly decreased and is very close to 
complete exhaustion. However, it increases in 
its intensity and appears as a compensatory 
factor, which enhances the blood supply of 
the heart in angina pectoris, in severe ather- 
osclerosis, in hypertensive disease, and in 
the acute and subacute stages of cardiac in- 
farction in man and in experimentally pro- 
duced cardiac infarction in dogs. 

Caffeine, amylnitrite, nitroglycerin, adon- 
izide, sodium nitrite, increpane, and espe- 
cially strophanthin inerease oscillations of 
cardiac vessels, whereas euphyllin decreases 
them. Epinephrine, against the background 
of a general elevation of arterial pressure, 
leads to a temporary decrease of oscillations, 
which remain on low levels for a few min- 
utes. 

Epinephrine inhibits the oscillations of the 
cardiac vessels, simultaneously increasing 
them in the peripheral arteries. This factor 
has to be taken into consideration for the 
evaluation of the role played by emotions 
in the blood supply of the myocardium, when 
epinephrine is discharged in _ increased 
amounts into the vascular bed. 

The temperature of blood or of nutrient 
fluid averaging + 37C. + 1C. and the pres- 
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Figure 1 
The curves of rhythmic vascular constrictions in 
various types of cardiac vessels: I, experiment 
185; II, experiment 129; III, experiment 73. 
Vertical axis corresponds to the volume of nutrient 
medium passing through cardiac vessels (V) in 
milliliters; horizontal axis (T) in minutes. 


sure limited to 80 + 20 mm. Hg is considered 
optimal for arterial oscillations. In some ex- 
periments human heart vessels have revealed 
a quality of changing their tone quite rapidly 
(in a period of 1 to 3 minutes) in such a 
way that coronary outflow has been altered 
from two to sevenfold volume (from 155 to 
305 ml. and from 415 to 53 ml.) (fig. 2). 

Dynamies of changes in vascular tone of 
the human heart may have different signifi- 
cance: an adaptive, which tends to increase 
the blood supply of the heart muscle and is 
antagonistic, which induces hypoxia, and is- 
chemia of the heart muscle leading to cardiac 
necroses.* 
































Figure 2 

Rapid changes in the tone of cardiac vessels (des- 
ignations on vertical and horizontal axes are the 
same as in figure 1). Thin, almost vertical, line 
indicates the rapid rise of vascular tone observed 
in experiment 134, under the influence of euphyl- 
lin solution (1:5.10).* Thick line indicates the 
diminution of vascular tone following administra- 
tion of nitroglycerin solution (1:3.10)* in experi- 
ment 123. 


Change of elevation of the vascular tone 
by its diminution, which may occur as a two- 
phased reaction (under the influence of intra- 
venous administration of epinephrine) is 
sometimes observed in intact, healthy ani- 
mals.” ® 1° 11, 12 Sometimes, in the physiologic 
condition, a two-phased vascular reaction 
may occur after introduction of several other 
substances (nitroglycerin, atropine, hista- 
mine, increpane). The two-phased or distorted 
reaction of cardiac vessels in man was en- 
countered in the acute stage of cardiac in- 
farction, in stenocardia, in atherosclerosis, in 
hypertensive disease, and in the condition 
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Figure 3 

The effect of pharmacologic substances upon the 
human cardiac vessels following mechanical in- 
jury: left, upon the intact coronary vessels; 
right, upon the coronary vessels impaired with 
atherosclerosis. I, nitroglycerin; II, euphyllin; 
III, strophantin; IV, adoniside; V, tincture of 
digitalis. Vertical thin lines designate the total 
number of observations; black columns, spasmodic 
vascular response; white columns, vascular dilata- 
tion; column with oblique lines, the change of first 
spasmodic phase into vascular dilatation. Arabic 
figures within columns indicate the number of 
experiments. 


following craniocerebral injury and injury 
of somatic organs, which are followed by 
manifestations of traumatic shock, and in the 
first period of experiments with the restora- 
tion of human heart activity after death, when 
metabolic processes in heart muscle, accord- 
ing to the data of spectrographic investiga- 
tions, were obviously impaired.'* '* 

In the acute stage of cardiac infarction the 
vasodilating effect of nitroglycerin was ob- 
served in only one of eight experiments; in 
the remaining seven a two-phased or spas- 
modie reaction was present (fig. 3). 

Human cardiac vessels being free of or- 
ganic changes had shown in the majority 
of experiments an ability of dilating under 
the influence of euphyllin and nitroglycerin. 
Nitroglycerin and strophanthin caused more 
manifested dilatation of cardiac vessels, which 
were affected by atherosclerosis in compari- 
son with the intact coronary arteries; euphyl- 
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Figure 4 
The effect of pharmacologic substances upon the 
human cardiac vessels following angina pectoris. 
Designations are the same as in figure 3. 





lin, on the other hand, caused more intensive 
dilatation of the intact vessels. 

Introduction of adoniside and digitalis had 
resulted in more intense constriction of 
atherosclerotically changed cardiac vessels in 
comparison with the intact ones. It is there- 
fore evident that atherosclerotically altered 
coronaries of a man possess more manifested 
reactivity to vasodilating and vasoconstrict- 
ing agents. 

The tendency of the heart vessels to spas- 
modie reactions, despite the effect of euphyl- 
lin, was more frequently observed in con- 
ditions following craniocerebral injury, 
traumatic shock, or after derangement in 
brain circulation (insult) appearing against 
the background of hypertensive disease. The 
same tendency had been demonstrated in ap- 
proximately half of the experiments follow- 
ing hypertension (fig. 4). 

The most constant spasmolytie effect upon 
the vessels of human heart in the acute stage 
of cardiac infarction and in conditions fol- 
lowing acute coronary insufficiency (steno- 
eardia) was observed after administration of 
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The effect of pharmacologic substances upon the 
human cardiac vessels following cardiac infarc- 
tion: left, the acute state; right, the subacute 
stage. Designations the same as in figure 3. 
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euphyllin and strophanthin. Euphyllin pos- 
sesses this quality even in the cases in which 
nitroglycerin causes spasmodic vascular re- 
action (fig. 5). 

Spasmolytie effect was noted after ad- 
ministration of low concentration of euphyl- 
lin, nitroglycerin, and strophanthin, whereas 
high concentrations of these pharmacologic 
agents causes spasmodic reactions and seemed 
to be inadequate to the functional state of 
heart vessels in man during the acute stage 
of cardiac infarction and in conditions fol- 
lowing acute coronary insufficiency. This 
phenomenon was also encountered in the 


-acute stage of experimentally developing in- 


faretion in dogs. 

In the acute stage of experimental infare- 
tion a spasmolytic effect has been revealed 
only in some individual cases, whereas in 
the remaining ones the spasmodic vascular 
reaction had predominated in the coronary 
arteries of dogs. Inadequacy of the vascular 
reaction in experimental cardiac infarction 
was demonstrated in the isolated heart as 
well as in the entire organism during in- 
vestigations of bioelectric activity of the 
heart. (fig. 6). 

Experiments on dogs have confirmed our 
observations concerning inadequate vascular 
response to the introduction of some vascular 
agents in the course of cardiac infarction in 
man. 

Negative influence of focal impairments 
in the cardiac muscle upon the entire body 
and upon the reactivity of cardiac vessels 
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The effect of pharmacologic substances upon the cardiac vessels of dogs with experi- 
mental cardiac infarction and of control animals: left, reaction in the acute stage; 
center, reaction in the subacute stage; right, reaction in the intact dogs. Designations 
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are the same as figure 3. 


brought about the necessity of experimental 
studies on the problems associated with the 
activation of reparative processes in the car- 
diac muscle. 

The combination of vitamins used in our 
studies (cobolamine, pridoxine) and amino- 
acids (methionine, desoxyribonucleic acid, 
adenosinetriphosphate, and triptophane) was 
considered as a measure directed to the in- 
tensification of processes concerned with bio- 
synthesis of proteins in the body, activation 
of transamination, transmethylation, phos- 
phorylation, and transsulfation. Thus, we in- 
tended to improve the reparative processes 
in the area of focal derangements and ne- 
croses in the heart. 

The best results were obtained in the se- 
ries of experiments on rats (with injury of 
the myocardium) and on rabbits (with cardiac 
infarctions) that received a complex treat- 
ment with cobolamine, methionin, adeno- 
sinetriphosphates, and desoxyribose nucleic 
acid. Normalization of the electrocardiogram 
in the hearts of animals so treated seemed 
to be faster than in the control animals (sixth 
to twenty-eighth day and fourteenth to forty- 
eighth day in rats and sixth to thirtieth and 
tenth to sixtieth day in rabbits, respectively). 

In animals receiving the above treatment 
the disappearance of necrotic muscle fibers 
and the production of the mature connective 





tissue took place in a significantly shorter 
period. The development of connective tis- 
sue in the majority of these cases was limited 
to the areas of injury; furthermore, the 
nerves in such areas as well as in the regions 
of scar formation, showed no significant 
changes. 

A complete healing of the cardiae muscle 
in control rats took place on the thirtieth 
to the fortieth day; in control rabbits, on 
the thirtieth to the sixtieth day, whereas in 
animals receiving complex treatment this hap- 
pened much earlier (on the fifteenth to the 
twenty-fifth day in rats and on the twenty- 
fifth to the fortieth day in rabbits) .* 

Consequently, the treatment that we used 
(a combination of vitamins with aminoacids) 
in rats and rabbits having focal lesions of 
the heart showed a positive effect and had 
accelerated the reparative processes in the 
heart. This may have a practical significance 
in the clinic of internal medicine. 


Discussion 

Exclusively complex neurohumeral regula- 
tion of hemodynamics in man and in animals 
only allows to outline some of the mechanisms 
in the regulation of vascular tone. 

I. P. Pavlov, studying neural mechanisms 
in the regulation of the vascular system, had 
stated that a significant role in this process 
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belongs to the chemical substances that are 
produced in the body. One of the principal 
problems of numerous investigators is to dis- 
close the chief chemical processes that are 
essential in the impairments of vascular 
tone. Why does the vasomotor activity in- 
crease or decrease or, in some instances, com- 
pletely disappear? Why do the changes in 
vascular tone lose their natural dynamics 
(replacement of elevating phase by the di- 
minishing one) and become less mobile for 
a long time or reveal a tendency to spasmodic 
reactions ? 

One of the numerous causes leading to 
derangements in dynamies of vascular tone 
is hypercholesteremia and an increased syn- 
thesis of cholesterol and, apparently, of other 
vascular substances (epinephrine, norepine- 
phrine) in the vascular wall. This was dem- 
onstrated recently with great conviction by 
many authors, who in their investigations 
used radioactive isotopes. 1 18 

Cholesterol enhances the tone of blood ves- 
sels, especially of arteries, and thus facili- 
tates their transition into the spasmodic state. 
The impairment of phosphorylation, con- 
ditioned by deficiency of adenosinetri- 
phosphate, which is characteristic of lesions 
appearing in the heart, may augment the sen- 
sitivity of vessels to spasmodic agents. In ex- 
periments with atherosclerosis the vessels of 
the rabbit’s ear respond more intensely to the 
vascular substances and reveal a tendency 
to spasmodic reactions. 

Hypercholesteremia appears in a human 
body as a consequence of focal disturbances 
in the brain, hypertensive disease, athero- 
sclerosis, intoxications, and avitaminosis. In 
the diseases mentioned above derangements 
in vascular tone were manifested by inade- 
quate or distorted vascular reaction. The sig- 
nificance of the cholesterol dynamics in the 
blood for the reactivity of blood vessels con- 
firmed by the fact that some substances 
(particularly, sodium fluoride), which re- 
duces the amounts of cholesterol in the blood 
and causes the lowering of blood pressure, 
augments the effect of nitroglycerin upon the 
cardiovascular system during chronic experi- 
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ments on animals; thus, the adequate reac- 
tion of vessels to the effect of nitroglycerin 
may be increased. 

In atherosclerosis the synthesis of phospho- 
lipids and of cholesterol in the walls of the 
blood vessels significantly increases. Defi- 
ciency of pyridoxin and choline in the body 
may cause lipomatose infiltration of vessels. 

When vascular tone is impaired (in hypo- 
tension) the content of thiamine in the blood 
falls significantly as well as that of ascorbic 
acid and carotin, although in the latter to 
a less extent. Deficiency of thiamine in the 
body predisposes the tissues of heart muscle 
and of blood vessels to the development of 
focal necroses. 

The possibility of mutual transformation 
of cholesterol into sugar in the body is one 
of the indicators of close relations between 
the disturbances in cholesterol and carbohy- 
drate metabolism. These predispositions are 
enhanced by the facts that a great number 
of patients with diabetes mellitus suffer from 
angina pectoris and that diabetic acidosis is 
often accompanied by the development of 
focal necroses in the myocardium. 

Our knowledge of vascular tone is becoming 
more concrete. Vasomotor activity dependent 
upon the central nervous regulation and upon 
the function of numerous angioreceptors, 
which are connected directly with the heart 
muscle by nerves,’® could be as well defined 
by very complex synthetic processes taking 
place in the walls of the vessels and resulting 
in the production of various vasoactive sub- 
stances. 

Intoxication due to dysentery, diphtheria, 
or pneumococeal infection suppresses the 
vasomotor activity as a result of disturbances 
in general metabolism and, possibly, in the 
walls of blood vessels simultaneously with 
the functional and structural alterations in 
angioreceptors. Focal derangements of ves- 
sels and of brain tissue in intracerebral hem- 
orrhages, chronic irritation of the descend- 
ing branch of the left coronary artery by a 
ligature in animals, cardiac infarctions in 
man and in experiments, and pathologie and 
experimental constriction of renal arteries 
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are followed by impairment of vascular tone 
(in a form of hypertension or hypotension) 
and of reactivity in the blood vessels up to 
complete distortion of vascular reaction. The 
reduction of vasomotor activity and distor- 
tion of vascular reaction may be encountered 
most often in an acute period of focal lesions; 
for instance, in the acute stage of cardiac 
infaretion, when coronary blood supply may 
be diminished to 30 per cent. Focal lesions 
of the heart muscle also cause transformation 
of its vascular network.*® 21 

Reflex influences, arising in the lesion and 
general toxic processes alter the metabolism 
in vascular walls provoking profound and 
protracted changes in vascular tone, which 
may be revealed in a form of hypertension 
or distorted reactivity of vessels. 

Our experiments have demonstrated that 
the genesis of spasmodic reaction of the car- 
diae vessels may be determined, not only by 
the atherosclerotic process, but also by a neu- 
rohumoral influence of necrotic focus upon 
the metabolism in the heart muscle and in 
the vascular walls as well. 

Morphologie studies reveal zones of ische- 
mia (arteriolospasm) around the necrotic 
focuses in the myocardium, e.g., the two- 
phased changes of vascular tone. Thus, func- 
tional and morphologic studies reveal the 
role of necrosis in the derangements of vas- 
cular tone. Atherosclerotic disturbances of 
metabolism in the vessels are accompanied 
by the augmentation of their reactivity, due 
to vascular agents, especially of the spas- 
modie type. 

Besides the above-mentioned factors of 
metabolism (thiamine, pantothenic acid, ade- 
nosinetriphosphate, cholesterol, insulin, inere- 
pane, epinephrine, magnesium, and _ potassi- 
um) other factors no doubt participate in 
the processes of regulation of vascular tone. 

Focal lesions of the heart muscle, which 
cause profound derangements in metabolism 
of the heart, as well as of the entire body, 
require the application of adequate and com- 
plex treatment having a multilateral effect. 

The complex treatment, which we used 
to accelerate the reparative processes in the 
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heart muscle, is only a starting point in our 
studies in this direction. 


Summary 

It was stated that the human heart pos- 
sesses a high vasomotor activity: in 1 to 3 
minutes the coronary vessels may pass into 
a state of spasm or dilatation in such a man- 
ner that the volume flow may change up to 
2 to 7 times. Apparently, this phenomenon 
discloses one of the mechanisms leading to 
prolonged spasm of the coronary arteries. 

Vasomotor activity of the heart is charac- 
terized by three types of rhythmic oscilla- 
tions of vessels, which differ from one an- 
other in amplitude, form, and frequency. In 
some intoxications (dysentery, diphtheria, 
pneumococcal infection) and diseases, vaso- 
motor activity tends to decrease, whereas in 
the subacute stage of cardiac infarction in 
man and in dog, in angina pectoris, in athero- 
sclerosis of the coronary vessels, and in hyper- 
tensive disease, it seems to be compensato- 
rily augmented. 

Two-phased or distorted reaction of heart 
vessels is determined not only by the athero- 
sclerotic process but by neurohumoral influ- 
ences of necrotic focus upon the metabolism 
in the heart and in the vascular wall. 

The most constant spasmolytic effect upon 
the vessels of the human heart was obtained 
by the administration of euphyllin and stro- 
phanthin in low concentrations. 

It was demonstrated that, in addition to 
vitamins, hormones, aminoacids, and mineral 
salts, many other factors participate in the 
regulation of vascular tone. 

Acceleration of reparative processes in ex- 
perimentally produced focal lesions of the 
heart was encountered after application of a 
complex treatment on animals with vitamins 
and aminoacids (Bj,., adenosinetriphosphate, 
methionine, and desoxyribonucleic acid). 
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In the treatment of disease it was with Sydenham a cardinal principle to interfere 
as little as possible with the vis medicatrix naturae. He adopted as his own the funda- 
mental concepts of Hippocrates, “Nature is the healer of diseases.”.—Davin RiEsMAN, 
M.D. Thomas Sydenham, Clinician, New York, Paul B. Hoeber, Inc., 1926, p. 36. 
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Surgical Treatment of Dissecting Aneurysm of the Aorta 


Analysis of Seventy-Two Cases 


By Micuart E. De Baxkey, M.D., WauTer 8. HENty, M.D., 
Denton A. Cootey, M.D., E. StantEy Crawrorp, M.D., 


ISSECTING ANEURYSM of the aorta 

is a serious condition, which until re- 
cently has proved fatal in more than 75 per 
cent of cases.-* The disease was clearly 
recorded by Morgagni® as early as 1761, and 
Laennec® in 1819 designated it as ‘‘aneurysme 
dissequant.’’ In spite of this early recogni- 
tion and the subsequent increasing interest 
in the condition, the natural course of the 
disease remained unaltered until about 6 
years ago, when methods of surgical treatment 
were devised.” 

Spontaneous healing of a dissecting aneu- 
rysm has been recognized for more than a 
century. Shekelton® of Dublin, in 1822, and 
Henderson® of Edinburgh, in 1843, reported 
eases in which the aneurysms ruptured into 
the lumen of the aorta or an iliae artery at 
some distal point. Endothelial growth at the 
sites of rupture was so complete in these 
‘‘healed’’ cases that Hope’ referred to the 
double aorta as a congenital anomaly. Even 
though this method of nature to promote heal- 
ing was apparently well recognized, it was not 
until 1935 that Gurin, Bulmer, and Derby?! 
utilized it to treat a patient with right iliac 
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block produced by dissection. They were 
able to restore circulation to the extremity by 
creating a re-entry passage at the site of the 
iliac obstruction, but death resulted from 
renal failure. In 1948 Paullin and James” 
attempted to strengthen the wall by wrapping 
cellophane about the dissected aorta, but the 
method proved unsatisfactory. Five years 
later, Johns'* reported suture repair of a 
rather unusual form of ruptured dissecting 
abdominal aneurysm, but the patient died of 
renal failure. In 1955 Shaw!‘ reported a 
typical case of dissecting aneurysm asso- 
ciated with acute arterial insufficiency of the 
lower extremities in which aortic obstruction 
was relieved by a procedure somewhat similar 
to that employed by Gurin and associates," 
consisting essentially of an abdominal aortic 
fenestration with repair of the dissection dis- 
tally, but the patient also died from renal 
failure. 

Since our first successful operation approxi- 
mately 6 years ago, we have treated 72 pa- 
tients with dissecting aneurysms of the aorta. 
Although the basic principles underlying the 
surgical procedures employed in these cases 
are essentially similar, certain variations have 
been utilized, depending upon the location 
and extent of the lesion. Some form of ex- 
cisional therapy with replacement by homo- 
graft or prosthesis has been the most frequent 
procedure. This report is concerned with 
certain significant observations derived from 
analysis of this experience. 
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DISSECTING ANEURYSM OF THE AORTA 
AGE AND SEX INCIDENCE - 72 CASES 





FEMALES 
NV MALES 


NUMBER OF CASES 


14°29 30°39 40-49 50-59 60-69 70-79 
AGE GROUP 


Figure 1 


Distribution according to age and sex of 72 cases 
of dissecting aneurysms of the aorta. 


Incidence 

Dissecting aneurysm of the aorta has been 
encountered in from 0.1 to 4.0 per cent of 
postmortem cases” + 15-29 comprising from 12 
to 25 per cent of all aneurysms of. the 
aorta.’ 18, 1 21,22. Men are affected two or 
three times as often as women except in per- 
sons older than 80 years of age when this 
relationship is reversed.” 7% 

In our experience with 1,281 cases of 
aneurysm of the aorta treated surgically, dis- 
secting aneurysm comprised 6.0 per cent of 
the total number (table 1) and 20 per cent of 
the thoracic aneurysms. Of these 72 patients 
88 per cent were men, and approximately 90 
per cent were in the fifth, sixth, or seventh 
decade of life (fig. 1). Seven patients were 
younger than 40 years of age, and two were 
older than 70. Six of the younger patients 
had definite characteristics of Marfan’s dis- 
ease. The age range was from 14 to 74 years, 
with an average age of 54 years. 

Although no age group is exempt from this 
condition, the highest peak reported by most 
authors has been between the fourth and sev- 
enth decades. Commenting on _ dissecting 
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Table 1 


Incidence of Dissecting Aneurysms among All 
Surgically Treated Aortic Aneurysms 





Location No. cases Per cent 
Aortie areh 60 § as 
Descending thoracic 134 10 
Dissecting aneurysm 72 6 
Thoracoabdominal 29 2 
Abdominal 986 77 
Total 1281 100 
Table 2 


Dissecting Aneurysm of the Aorta. Relative Fre- 
quency of Symptoms—72 Cases 














No. of No. of 
Symptom patients Symptom patients 
Substernal or Neurologic 
precordial pain 48 manifestations 7 


Only symptom 6 Hemoptysis 9 

Back pain 35 ee 
Only symptom 1 Impaired leg = 
circulation 2 

Epigastrie or , 2 

abdominal pain 20 Hematuria 1 
Only symptom 4 Shock 1 
Dyspnea 11 Asymptomatic 2 





aneurysms encountered in young persons, 
Schnitker and Bayer** reported almost 25 per 
cent of 580 cases in patients younger than 
40 years of age, and 38 per cent of Gore’s*® 
cases were in this group. The high incidence 
of young individuals in these series is un- 
doubtedly due to the selective nature of cases 
studied. A more likely incidence of 15 per 
cent of 505 cases has been reported by Hirst 
and co-workers.** 


Clinical Manifestations 

Several recent reports have emphasized the 
characteristic clinical manifestations of this 
condition. 2628 The most common reported 
symptom is sudden moderate to severe pain, 
which was initially present in 90 per cent of 
our patients. Pain was frequently the only 
symptom (table 2) and in many instances was 
minimal by the time the patient sought help. 
Usually substernal, the pain may be associ- 
ated with pain in the back or epigastrium, oe- 
casionally extending to the neck, shoulders, or 
legs. Substernal or epigastric pain was the 


DEBAKEY ET AL. 


! 


4-9-59 


Figure 2A-D 


Serial roentgenograms of the chest demonstrating progressive enlargement during a 
3-year period of dissecting aneurysm of the aorta in a 50-year-old physician. 
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Figure 2E and F 


Angioaortogram and drawing depicting extent of 
lesion before operation. 


only symptom in 10 patients. Three of these 
had been treated for myocardial infarction 
before the correct diagnosis was obvious. The 
possibility of a dissecting aneurysm should 
always be considered in patients being treated 
for coronary occlusion. During the past 5 
years studies of postmortem cases at the Meth- 
odist Hospital revealed that three individuals 
thought to have had myocardial infarction 
had died suddenly from rupture of a dissect- 
ing aneurysm. 

Initial shock, reported in about one third 
of cases,”® is usually out of proportion to the 
drop in systolic blood pressure. It may be as- 
sociated with cyanosis, tachypnea, and tachy- 
cardia. : 

The foregoing are usually the manifesta- 
tions of acute dissection. Only about one 
fourth of our patients were treated during 
this early phase of the dissecting process, i.e., 
within the first few days to a week after onset 
of symptoms. The interval between onset of 
symptoms and operation in the remaining 
cases ranged from several weeks to 2 years. 

The reported incidence of neurologic mani- 
festations ranges from 15 per cent to 46 per 
cent of cases.* °°33 Three of our patients had 
suffered from transient paraplegia, two com- 
plained of numbness of arm or leg, and two 
were unresponsive or aphonic for several 
hours. Neurologic signs or symptoms in pa- 
tients with thoracic or abdominal pain may 
be a clue to the early diagnosis of dissecting 
aneurysm. Certainly neurologic deficits may 
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Figure 2G 


Photograph at operation of functioning Dacron 


graft following resection of aneurysm. 


be easily overlooked in the usual examination 
of a critically ill patient. 

Shortness of breath was a complaint of 15 
per cent of the patients. Two patients had 
transient circulatory disturbance of the legs, 
and hematuria occurred in one instance. 

Only two patients were asymptomatic. In 
one the lesion was discovered by routine roent- 
genography of the chest and in the other it 
was discovered incidentally during pneumo- 
nectomy. 

Two thirds of the patients had associated 
cardiovascular or other disease. Of these, mod- 
erate to severe hypertension of several years’ 
duration was by far the most frequent, being 
present in 74 per cent of cases. Other compli- 
eating conditions included congestive heart 
failure, arteriosclerotic heart disease, active 
duodenal ulcer, portal cirrhosis, and gallblad- 
der disease. 


The physical manifestations of dissecting 
aneurysm were not significant in making a 






Figure 2H-J 
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Angioaortogram (left) and drawing (center) depicting satisfactory appearance after 
resection of descending thoracic aorta, obliteration of distal false lumen, and Dacron graft 
replacement. Roentgenogram (right) 1 year after operation. The patient has resumed 


active medical practice. 


diagnosis. A precordial apical or basal sys- 
tolic murmur was present in 40 per cent of 
cases. A diastolic murmur over the aortic 
area, which has been emphasized as of diag- 
nostic significance, was present in only eight 
cases in our series. This probably reflects the 
small number of patients in our series with 
involvement of the ascending aorta or aortic 


annulus. Brachial blood pressure differential, 
tracheal deviation, cervical venous distention, 
abdominal aneurysm, and alteration § in 
peripheral pulses were occasional findings. 
Fifteen per cent of patients had minimally 
elevated blood urea nitrogen levels. Myocar- 
dial ischemia, left ventricular strain, or 
rhythm disturbance was demonstrable elec- 


Table 3 


Dissecting Aneurysm of the Aorta. Relationship of Extent of Dissection to Operative 
Mortality 


AORTIC SEGMENT INVOLVED 


Combined Series of 
Hirst and Shennan 
; : Operative Mortality 








PRESENT SERIES 
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Table 4 
Dissecting Aneurysms of Thoracic Aorta. Mortali- 
ty According to Blood Pressure 











Deaths 











Blood pressure No. cases No. cases Per cent 

149/89 or less 19 0 0 

150/90 or more 53 19 36 
Total 72 19 26 





trocardiographically in 75 per cent of the 
vases. 

Roentgenograms of the chest usually re- 
vealed widening of the supracardiac medi- 
astinum and radiolucency of the arch and 
descending aorta in the region of the false 
passage. In some instances superior mediasti- 
nal widening may be initially insignificant. 
Progressive enlargement of the aneurysm dur- 
ing a period of several days or months may be 
observed (figs. 2 A-J). In such instances the 
risk of death by sudden rupture of the aneu- 
rysm is definitely increased. Angioaortogram 
made with the patient in an oblique position 
accentuates the ‘‘double-barrelled’’ appear- 
ance of the lesion (fig. 3). Angioaortography 
has been of utmost value in determining the 
nature and extent of the dissecting process. 
Mediastinal motion may occasionally produce 
a similar appearance, as will an organized 
thrombus lining a long, fusiform arterioscle- 
rotic aneurysm. Calcification of the intima 
and wall of the false passage producing a 
double lumen appearance on plain roentgen- 
ography of the chest is rarely seen. 


Pathogenesis and Gross Pathology 

The basic lesion of dissecting aneurysm ap- 
pears to be degeneration of the supporting 
tissue of the media of the aorta and is appar- 
ently unrelated to known pathologic proc- 
esses, such as arteriosclerosis or aortitis, that 
commonly involve the aorta.’® *4 35 The con- 
dition is frequently associated with Marfan’s 
syndrome and hypertension. Medial degenera- 
tion with dissection of the aortic wall has been 
produced experimentally by a diet of lathyrus 
odoratus (sweet pea) meal,®* 87 prolonged in- 
jection of epinephrine,** vitamin E defi- 
ciency,®® methonium intoxication,*® 4! and 
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Figure 3 


Angioaortogram with drawing showing salient 
roentgenographic characteristics of dissecting aneu- 
rysm of aorta. 


other means. Many investigators® 1) 16. 42-98 
believe that the dissecting process is initiated 
by intimal laceration, whereas others* 7° **+ 
“4-59 are of the opinion that dissection follows 
rupture of a vasa vasorum, the break in the 
intima occurring secondarily. This is a more 
plausible explanation for cases of dissecting 
aneurysm that develop without intimal tear. 
An intriguing concept of pathogenesis has 
been offered by Bauer and Hirsch,®° who 
stated that repeated expansion and contraction 
of an aortic wall in which there is consider- 


_able difference in elasticity of the media and 


adventitia would result in easy separation of 
the two layers. Because of unequal elasticity, 
the shearing force in the wall of the aorta at 
points of greatest mechanical stress produce 
dissection without intimal laceration. This in- 
corporates all theories of pathogenesis and 
explains established observations. It is well 
known that in the presence of medial degen- 
eration the layers of the aorta can be easily 
separated.*? This plane of dissection usually 
lies between the outer two thirds and inner 
third of the aortic wall (figs. 4A and 4B). 
The role of external trauma in the pathogene- 
sis of dissecting aneurysm is uncertain. 

Of greater practical importance are the 
location and extent of the disease. Shennan,* 
Hirst and co-workers** divided their cases 
into four major and 18 minor categories on 
an anatomic basis. Comparison of our series 
with theirs indicates the more selective na- 

















Figure 4A 


Excised portion of thoracic aorta sectioned to show 
hematoma of media. 


ture of our cases by the greater incidence of 
the chronic type of lesion (table 3). On the 
basis of our surgical experience we have clas- 
sified these lesions into four general catego- 
ries, since this provides a guide to surgical 
approach and prognosis (fig. 5). 

Type I (12 per cent) includes patients in 
whom the dissecting process extends distally 
from the aortic annulus or the aortie arch 
usually to a point well below the diaphragm 
(fig. 6). The dissection may involve the ¢a- 
rotid, iliac, renal, or mesenteric arteries. Un- 
less there is a localized area where rupture 
is imminent, resection with graft replacement 
is of little value. Creation of a re-entry pas- 
sage is usually preferable and may be done 
with or without the aid of hypothermia or 
atriofemoral bypass perfusion. 
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Figure 4B 
Photograph of dissecting aneurysm of aorta cut in 
cross section to show plane of dissection located 
in innermost portion of media. 


In type II (6 per cent) the process is lo- 
calized to the ascending aorta and proximal 
transverse arch (figs. 7A and 7B). Operative 
correction requires utilization of the extra- 
corporeal pump-oxygenator and coronary per- 
fusion to permit excision of the lesion and 
aortic replacement by graft. In some cases 
because of dilatation of the aortic annulus 
and consequent aortic insufficiency, it is nee- 
essary to perform an annuloplasty either by 
wedge resection and suture repair with bicus- 
pidization of the aortic valves or by circum- 
ferential suture annuloplasty with graft re- 
placement. 

In type III (60 per cent) the dissecting 
process begins immediately distal to the left 
subelavian artery and continues well below 
the diaphragm (figs. 2, 3, and 4). A distal 
false lumen must be dealt with surgically 
after the thoracic portion has been excised. 

Type IV (22 per cent) is similar to type 
III except that the dissecting process remains 
localized to the descending aorta (fig. 8). The 
entire diseased segment may be excised and 
replaced by graft. 
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TYPE I 
12% 





Figure 5 


Surgical classification of dissecting aneurysms of 
the aorta based on location and extent of lesion. 


Operative correction of the last three types 
requires use of hypothermia or, preferably, 
the atriofemoral pump bypass to prevent 
spinal cord ischemia. 


Results of Surgical Treatment 

Depending on the nature of the lesion three 
general types of surgical procedure were em- 
ployed in this series of 72 patients. In only 
one patient was the dissection so well localized 
that excision with aneurysmorrhaphy was 
possible. In five of the earlier patients a re- 
entry passage was created into the true lumen 
of the descending thoracic aorta and the distal 
false lumen was obliterated by suture. The 
remaining 66 patients had some form of ex- 
cisional therapy with aortic replacement with 
the use of left atriofemoral bypass perfusion, 
external bypass graft, or hypothermia to pre- 
vent the cardiac, neurologic, or renal disturb- 
ances that follow prolonged occlusion of the 
descending thoracic aorta. Special technical 
problems arose in the five patients with in- 
volvement of the entire aorta, the one patient 
who required temporary carotid perfusion, 
and the six in whom the true lumen was not 
apparent. The usual procedure was resection 
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Figure 6 


Angioaortogram and drawing demonstrating ap- 
pearance after creation of re-entry site in descend- 
ing thoracic aorta. Patient remained active 41% 
years after operation with no evidence of progres- 
sion of lesion. 


of the descending thoracic aorta so as to in- 
clude the site of origin of the dissection, ob- 
literation of the false lumen distally, and in- 
sertion of a homograft or prosthesis (44 
patients) (fig. 9). In 16 patients the entire 
pathologie process could be excised and re- 
placed by a vascular graft or prosthesis. Of 
the 59 patients with types III and IV in 
whom the dissecting process involved the 
descending aorta, the operative mortality rate 
was 20 per cent as compared with 26 per cent 
for the entire group (table 3). 

Various materials were used to replace the 
excised aortic segments. These included aortic 
homografts in 13 and such synthetic prosthe- 
ses as Ivalon in four, Nylon-Dacron in six, 
Dacron in 24, Dacron-Ivalon in 1, and Teflon 
in 18 cases. Although each prosthesis has its 
own special characteristics, closely woven fab- 
rics have proved most satisfactory for aortic 
replacement in patients requiring hepariniza- 
tion. Only one death was attributable to fail- 
ure of the graft; this death occurred 2 years 
after operation from rupture of a dissecting 
aneurysm of the homograft. Homografts have 
functioned satisfactorily in the thoracic aorta 
for more than 7 years after insertion. Our 
first synthetic prosthesis in this series has 
functioned satisfactorily for more than 4 
years. 

Under hypothermic conditions the diseased 
segment in 11 patients was resected and the 








Figure 7A 


Angioaortogram and drawing revealing unusual 
dissecting aneurysm localized to ascending aorta. 


defect replaced by a graft. The duration of 
aortic occlusion ranged from 19 to 87 min- 
utes. Permanent paraplegia developed in only 
one patient, cooled to 90 F. with interruption 
of aortic flow for 63 minutes. 

With use of left atriofemoral bypass per- 
fusion, 42 lesions were resected with aortic 
replacement (fig. 9). The duration of occlu- 
sion ranged from 28 to 102 minutes, averaging 
49 minutes. Two patients were paraplegic 
immediately after operation; however, one 
whose occlusion time was 42 minutes com- 
pletely recovered after 3 weeks. The other, 
whose occlusion time was 102 minutes, had 
permanent neurologic changes. 

In two instances localized difficulties caused 
grafts to be inserted without benefit of bypass 
or hypothermia. Transitory paresthesias de- 
veloped in the legs of one of these after 34 
minutes of aortic occlusion, whereas the other 
after 37 minutes of occlusion, had no compli- 
cation. 

In five re-entry procedures no sequelae oc- 
eurred that could be attributed to temporary 
occlusion of the descending aorta during the 
anastomosis, which averaged less than 30 min- 
utes. Interruption of blood flow in the aorta 
at the midportion of the descending thoracic 
aorta for such a short period carries a low 
risk of neurologic damage. 

Three patients had a permanent bypass and 
obliterative endoaneurysmorrhaphy. One pa- 
tient with a large tortuous dissecting aneu- 
rysm extending from the left subclavian 
artery to the midportion of the abdominal 
aorta had a permanent external Dacron by- 
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Figure 7B 


Drawings illustrating technic or surgical excision 
of this type of aneurysm with Dacron graft re- 
placement utilizing extracorporeal pump oxygena- 
tor and coronary perfusion. 


pass from the distal aortic arch to the lower 
abdominal aorta (fig. 10). After the bypass 
was functioning satisfactorily, the entire de- 
scending thoracic aorta was excised and the 
two lumens were oversewn at the diaphragm. 
This patient did well until massive upper 
gastrointestinal hemorrhage from acute gas- 
tric ulcerations required emergency gastrec- 
tomy on the eighth postoperative day. He died 
several days later from myocardial infarction. 
A second patient died from renal failure fol- 
lowing a transfusion reaction 9 days after 
operation, and a third patient is living and 
well after obliteration of the aneurysm, which 
extended from the left subclavian to the celiac 
artery. 

A brief analysis of the 19 operative deaths 
reveals an average postoperative survival time 
of 10 days. Six patients died of rupture of the 
aneurysm, three rupturing into the pericar- 
dial sac producing tamponade. Four patients 
died in congestive heart failure, and three 
died of renal insufficiency. In three instances 
cardiae arrest occurred at operation or im- 
mediately thereafter. The remaining three 
patients died of myocardial infarction, pul- 
monary embolism, and cerebral infarction, 
respectively. 
Three of the 11 patients who had resection 
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Figure 8 


Left. Angioaortogram. Center. Drawing depicting large dissecting aneurysm limited to 
descending thoracic aorta. Right. Angioaortogram after operation. 


under hypothermic conditions died (27 per 
cent). Eleven deaths occurred in the bypass 
perfusion group (23 per cent), and three of 
four patients who had creation of a re-entry 
passage died. Advanced age per se did not 
alter the prognosis. Hypertension appears to 
be the most significant factor in relation to 
operative risk as there were no deaths in the 
normotensive group (table 4). 

With few exceptions the results in the 53 
patients surviving operation, in all of whom 
follow-up studies have been made, have been 
gratifying. Follow-up observations for more 
than 5 years reveal that most of these patients 
have resumed normal activities. Many are re- 
tired but active, but others engage in hard 
manual labor. One patient is a semi-invalid, 
and two are paraplegic. Five patients have 
subsequently had aneurysms of the abdominal 
aorta resected successfully with graft replace- 
ment (fig. 11). 

Only six patients have died since discharge 
from the hospital. In one fulminating hepati- 
tis developed, presumably from blood trans- 
fusions, and the patient died 1 month after 
operation. Two succumbed to intracranial 
hemorrhage or hypertensive cardiovascular 
disease 10 months and 12 months after opera- 
tion, respectively. One man committed suicide 
1 year later. Two patients died of internal 
hemorrhage after 2 years, one from rupture 
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Figure 9 
Drawings illustrating technic of left atriofemoral 
bypass perfusion permitting excision of descend- 
ing thoracic aneurysm with minimal risk of neuro- 
logic sequelae. 


of an aneurysm of the innominate artery and 
the other from a rupture of a dissecting aneu- 
rysm of the homograft. 


Figure 10 
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A.-C. Drawings and photographs showing technic of excision of large dissecting aneurysm 


of descending thoracic and abdominal aorta utilizing permanent Dacron bypass graft 
extending from aortic arch to distal abdominal aorta. 


Follow-up roentgenograms of the chest and 
angiocardiograms have failed to demonstrate 
progression of the disease or unsatisfactory 
appearance of the homografts or prostheses 
for periods up to 5 years. One physician, alive 
more than 5 years after creation of a re-entry 
passage, has had no further progression of the 
lesion (fig. 6). 

Comment 

Until recently, treatment of dissecting an- 
eurysms of the aorta was largely symptomatic 
and had little or no effect upon the highly 
fatal course of the disease. This is well illus- 
trated by the reports of a number of observ- 
ers. In the classic study of Shennan,‘ for ex- 
ample, 65 per cent of the patients died within 
24 hours after onset, and an additional 26 per 
cent died within 1 day to 1 week. More re- 


cently, Hirst and associates*® in a study of 
the survival period of 425 patients found that 
74 per cent died within 2 weeks after onset 
and 89 per cent within 3 months. Other in- 
vestigators have had somewhat similar experi- 
ence. This indicates that in general only about 
10 to 15 per cent of patients have the chronic 
‘‘healed’’ type of dissection. Even in this 
group, however, further progression of the 
dissecting aneurysm frequently takes place 
and ultimately leads to fatal termination. 

In light of these observations emphasizing 
the extremely grave nature of this disease, 
more aggressive therapy directed toward al- 
tering the natural highly fatal course of the 
disease is definitely indicated. That this can 
be done by application of surgical treatment 
is evidenced by comparing the significantly 
greater survival rate in our operative series 
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Figure 11 
Drawing (left) and angioaortogram (center) with abdominal aortogram before resection 
of dissecting aneurysm of descending thoracic aorta and before resection of a fusiform 
aneurysm of abdominal aorta. Diagrammatic appearance of aorta (right) after resection 


of thoracic and abdominal aneurysms. 


with that of Hirst and associates in their non- 
operative series (fig. 12). 

Many variations exist in the pathologic fea- 
tures of the disease, particularly in regard to 
location and extent of the dissecting process. 
Since the surgical approach to these various 
types of lesions may require certain modifica- 
tions, it is essential to determine preopera- 
tively as precisely as possible the origin, loca- 
tion, and extent of the dissecting process. In 
most instances this can be done by special 
angiographic studies. Our experience would 
suggest that the most favorable lesions for 
operative treatment are those in which the 
dissecting process originates in the descend- 
ing thoracic aorta distal to the left subclavian 
artery. Fortunately these are the types of le- 
sions that tend to oceur in patients who sur- 
vive the initial episode for more than a few 
days and thus permit sufficient time for ap- 
plication of surgical treatment. 
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72 OPERATIVE CASES 
( AUTHORS’ SERIES) 


425 NON-OPERATIVE CASES 
(AFTER HIRST) 


PER CENT OF SURVIVAL 





\ 2 3 4 
PERIOD OF SURVIVAL IN YEARS 
Figure 12 
Survival rate of operative and nonoperative cases 
of chronic dissecting aneurysm of aorta. 


Summary 
Dissecting aneurysm of the aorta is an ex- 
tremely serious condition that pursues a rap- 
idly fatal course in more than 75 per cent of 
eases. Follow-up data on 72 patients surgi- 
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eally treated indicate that effective surgical 
treatment significantly alters the course of the 
disease and in the majority of instances re- 
moves the threat of death by rupture. The 
operative mortality rate in these 72 patients 
was 26 per cent. For lesions occurring distal 
to the left subclavian artery, resection of the 
descending thoracic aorta with replacement 
by aortic graft utilizing hypothermia or the 
bypass pump was successful in 80 per cent of 
cases. 

Most patients surviving operation have been 
able to resume previous activities with mini- 
mal risk of sudden death from rupture of the 
aneurysm or failure of the aortic graft. 

The importance of recognizing the charac- 
teristic clinical manifestations, of making pre- 
cise roentgenographie diagnosis, and of insti- 
tuting effective surgical treatment in the 
management of dissecting aortic aneurysm 
has been stressed. 
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Douglas, A. H., and Samuel, P.: Analysis of 
Electrocardiographic Patterns in Hypothyroid 
Heart Disease. New York State J. Med. 60: 
2227 (July 15), 1960. 

An analysis of the electrocardiograms of 92 
patients with hypothyroidism was made. Only 
those individuals in whom the clinical diagnosis 
was confirmed by basal metabolism, protein- 
bound iodine, blood cholesterol levels, or radio- 
active iodine uptake, and in whom there was 
both clinical and electrocardiographie response 
to thyroid extract therapy were used. Seventy 
of the 92 patients were women. Electrocardio- 
grams obtained after correction of the hypothy- 
roidism were compared with those taken before 
treatment. The average heart rate was 68 beats 
per minute before treatment and 100 beats per 
minute after treatment. The axis of the P wave 
in the frontal plane was not modified by hypo- 
thyroid heart disease. The average voltage of 
the P wave was higher in every lead after treat- 
ment, but the increase in voltage was statistically 
significant only in leads I, IJ, III, aVp, aVy, 
and V,. The P-R interval was not modified by 
hypothyroid heart disease. The axis of the QRS 
complex in the frontal plane was not influenced 
substantially by the disease. Although the aver- 
age voltage of the R wave increased in all leads 
after control of hypothyroidism, the difference 
was significant in leads I and II only. The sum 


of the R and S waves was significantly increased 
in leads I, II, III, Vs, and Vy. The zone of 
transition was seen more often on the left side 
(between V, and V;) before treatment than after 
treatment. The S-T segment remained unchanged 
in aequired hypothyroid heart disease. The most 
important changes involved the T wave. In 44 
per cent of the patients the frontal axis of the 
T wave was not situated in the first quadrant. 
This change was reversible by specific therapy. 
In the limb leads the increase in voltage of the 
T wave was significant in leads I, II, and III. In 
the right-sided precordial leads (V, to V4) the 
T wave was inverted, flat, or diphasic in the 
majority of patients before treatment. After 
treatment there was a significant change toward 
normal in these positions and the average T 
wave became upright in leads V, to V4. This is 
in contrast to the T-wave pattern in leads V; 
and Vg. In the left-sided precordial positions the 
average T wave was positive before treatment 
and there were no significant changes after 
treatment. When T-wave inversion appears in 
leads V, to V, the possibility of hypothyroid 
heart disease should be considered. This pattern 
is more likely to be reversed by the administra- 
tion of thyroid extract than is the pattern of 
T-wave inversion in leads I, aV,, V;, and Vg. 
Because of its relative irreversibility, the latter 
pattern suggests complicating coronary artery 
disease when it is found in patients with hypo- 
thyroidism, and thyroid extract should be used 
more cautiously in this group. 
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ABSTRACTS 


Hiss, R. G., Lamb, L. E., and Allen, M. F.: 
Electrocardiographic Findings in 67,375 Asymp- 
tomatic Subjects. X. Normal Values. Am. J. 
Cardiol. 6: 200 (July), 1960. 

Normal electrocardiographic values were com- 
puted from the 12-lead directly inscribed elee- 
trocardiograms of 6,014 healthy Air Foree flying 
personnel aged 16 through 58 years. P-wave 
duration ranged from 0.06 to 0.15 second, ampli- 
tude from 0.05 to 0.35 mv. and axis from —30 
through +90 degrees with 95 per cent of the 
P axes falling between +15 and +75 degrees. 
P-R interval was arbitrarily limited to 0.20 
second and ranged down to 0.10 second. QRS 
duration ranged from 0.05 to 0.11 second, QRS 
axis from —90 to +120 degrees. QRS amplitude 
could not be related to body weight. The R/S 
‘ratio was greater than 1 in lead V, in 0.7 per 
cent of subjects and in lead Vz in 8.5 per cent. 
The mean spatial QRS-T angle ranged between 
0 and +70 degrees in 96 per cent of the group. 
The Q-T interval varied from 0.24 through 0.47 
second with a median of 0.38. T-wave amplitude 
was listed statistically, and in an adjoining 
paper the interpretation of inverted T waves in 
healthy individuals was diseussed. S-T elevation 
was noted in 91 per cent of the series and ranged 
between 0.1 and 0.5 mv. in amplitude. Very few 
Q waves of 0.04 second duration were found and 
all of these were in lead IIT. Older individuals 
seemed to have slower heart rates, longer Q-U 
intervals, less pronounced S-T elevation, and 
lower T waves. 


RoGers 


Jackson, B. T., Clarke, J. P., and Egdahl, R. H.: 
Direct Lead Fetal Electrocardiography with 
Undisturbed Fetal-Maternal Relationships. 
Surg., Gynee. & Obst. 110: 687 (June), 1960. 
A technie for the individual recording of fetal 

and maternal electrocardiograms in the rabbit 

is described. At 3 to 4 weeks gestation the 
uterus was exteriorized through an abdominal 
incision and three tiny arrowhead electrodes were 
embedded in the respective limbs of the fetus. 

These were connected to a two-channel Grass 

electroencephalograph for the recording of the 

three standard limb leads at a standardization 
of 2.15 em. per millivolt. The resulting tracings 

clearly showed P, QRS, and T waves, and S-T 

segment deviation without maternal electrocardio- 

graphie superimposition. They were repeatedly 
obtained following replacement of the uterus into 
the abdomen and for as long as 24 hours there- 
after. 

RoGErs 
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Karni, H. S.: The Diagnostic Significance of the 
Differential Repolarization of the Precordial 
Leads. Cardiologia 36: 257, 1960. 

Phase shift of repolarization was studied in 
96 normal subjects and in eight patients with 
right ventricular hypertrophy. Various precordial 
lead positions, both conventional and unconven- 
tional, were chosen as exploring electrodes with 
V, as a reference lead. In 25 per cent of the 
normal subjects, T waves recorded with these 
exploring electrodes showed a phase shift from 
those of V,, which changed in degree with the 
slightest movement of the exploring electrode. 
This phase shift was found in normal subjects 
only over a limited area coinciding with that of 
absolute cardiac dullness. On the other hand, 
in the patient with right ventricular hypertrophy, 
this phase shift could be detected all over the 
right ventricle, and it was less affected by small 
motion of the exploring electrode. It was con- 
cluded that this method permitted diagnosis of 
myocardial injury and early lesions of ventricu- 
lar hypertrophy. 

BRACHFELD 


Lancaster, W. M., Semple, T., and Kelly, J. C. 
C.: ABC Leads in Ischaemic Heart Disease. 
Brit. Heart J. 22: 347 (June), 1960. 

The authors evaluated the ABC leads of 
Trethewie using a simplified method of lead 
placement in the frontal, horizontal, and sagittal 
planes. Left ventricular hypertrophy and strain 
were well demonstrated in lead B; arrhythmias 
and bundle-branch block were satisfactorily rep- 
resented. Certain criticism became apparent; 
thus respiratory variations and somatie tremor 
were common and the R wave in all leads tended 
to be small in amplitude, so that the significance 
of an absent R wave was difficult to evaluate. 
The authors were unable to confirm about one 
third of the posterior infarctions and ischemic 
changes by use of lead A when such changes were 
clearly demonstrated by the conventional 12-lead 
electrocardiogram. Only two patients were found 
who demonstrated septal ischemie abnormalities 
in the ABC leads with normal conventional 
electrocardiograms. The authors doubt the value 
of this method in diagnosis. 

KALMANSOHN 


Lewis, B. M., Sokoloff, L., Wechsler, R. L., Wentz, 
W. B., and Kety, S. S.: A Method for the Con- 
tinuous Measurement of Cerebral Blood Flow 
in Man by Means of Radioactive Krypton 
(Kr7), J. Clin. Invest. 39: 707 (May), 1960. 
A method is described whereby the uptake of 

Krypton’ by the brain is followed by measuring 

directly the gamma radiation through the intact 





306 


skull. With this technic it is possible to measure 
continuously the cerebral blood flow during trans- 
ient or rapid changes before equilibration be- 
tween brain tissue and cerebral venous blood is 
achieved. Mean total cerebral blood flow in 10 
normal young men was 1,236 ml. per minute, 
with a standard deviation of 246 ml. per minute. 
The cerebral blood flow determined by this 
method was found to be significantly higher than 
the values obtained simultaneously by the nitrous 
oxide method, but the results of the two methods 
were, however, significantly correlated. The dis- 
crepancy was thought to be due to the collective 
effects of a number of factors such as the extra 
radiation picked up from the extracerebral tissues 
or the disproportionate weighting of different 
areas of the brain in the total head count. The 
Krypton’? method was found to be eapable of 
following rapid changes of cerebral blood flow 
such as oceur during hyperventilation, carbon 
dioxide inhalation, or norepinephrine infusion. 


KARPMAN 


Manning, G. W.: An Electrocardiographic Study 
of 17,000 Fit, Young Royal Canadian Air 
Force Aircrew Applicants. Am. J. Cardiol. 6: 70 
(July), 1960. 

Electrocardiograms were routinely obtained 
over the past 11 years from 17,000 airerew appli- 
eants aged 18 to 24 years. Nine hundred and 
fifty-four showed abnormalities, causing the in- 
dividual to be rechecked by a eardiologist. Of 
these, 86 applicants were rejected for pilot train- 
ing on the basis of the disorder discovered elec- 
trocardiographically, and in half of this group 
no other evidence of cardiovascular disease was 
elicited. The disqualifying abnormalities com- 
prised T-wave changes in 25, anomalous atrio- 
ventricular excitation in 22, bundle-branch block 
in 19, P-R interval greater than 0.24 second in 
6, and other aberrations in 14. A follow-up study 
of airmen studied electrocardiographically at the 
beginning of World War II was in progress, and 
it was thought that a more objective basis for 
electrocardiographie qualification for flying may 
be forthcoming. The routine use of electrocardiog- 
raphy was advocated in the selection of pilot 
trainees. 


RoGErs 


Moia, B., Otero, E. A., Muchinik, J., Alvarez, 
A. J., and Cecchi, A.: Effect of Provoked Ele- 
vation of Right Atrial Pressure on the Value 
and Configuration of Right Ventricular Pres- 
sure Curves. Arch. mal. coeur 53: 186 (Feb.), 
1960. 









ABSTRACTS 


In 25 patients abdominal compression was 
carried out during registration of right atrial 
and ventricular pressures by cardiac catheteriza- 
tion. Patients with past or present right heart 
failure showed an elevation of more than 2 mm. 
Hg in the right atrial pressure, and a marked 
elevation of right ventricular diastolic pressure, 
which could exceed one third of systolic pressure. 
At the same time, the configuration of the pres- 
sure curve approached that characteristic of con- 
strictive pericarditis. The radiologic heart shadow 
usually showed an increase in size at the expense 
predominantly of the left cardiae cavities. In 
patients without right heart failure abdominal 
compression caused no significant changes. The 
abdominal compression test was considered the 
most valuable test in the diagnosis of compensated 
or noncompensated right ventricular failure in 
patients whose right intracardiac pressures and 
pressure curves were normal or only slightly 
abnormal. This test can also be of use for the 
purpose of increasing the atrioventricular pres- 
sure gradient in the diagnosis of tricuspid 
stenosis. 

LEPESCHKIN 


Morrow, A. G., Braunwald, B., and Ross, J., Jr.: 
Left Heart Catheterization. AMA Arch. Int. 
Med. 105: 645 (Apr.), 1960. 

Seven basie technies for left heart catheteri- 
zation are described along with their advantages 
and disadvantages. In transbronchial left heart 
catheterization access to the left atrium is gained 
by puncture of the anterior bronchial wall by 
a special needle passed through a bronchoscope. 
No fatalities or serious complications were ob- 
served. It is not suited to children, since general 
anesthesia is required and problems of ventila- 
tion and relaxation are encountered. In trans- 
septal left heart catheterization a catheter is 
introduced into the saphenous vein and on into 
the right atrium, a special needle is then pushed 
through the catheter, punctures the septum, and 
enters the left atrium. This procedure has the 
advantage of allowing both left and right heart 
eatheterizations to be carried out with the pa- 
tient under basal conditions. It is very suitable 
in children and when prolonged observation of 
left heart pressures are desired. In posterior 
pereutaneous left atrial puncture a needle is 
inserted into the right posterior chest wall at a 
level corresponding to the position of the left 
atrium determined fluoroscopically. The needle 
is then directed obliquely toward the midline 
and penetrates the left atrium. Although tech- 
nically simple, the method is becoming unpopular 
because of numerous severe complications that 
have occurred; these include intrapericardial 
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ABSTRACTS 


bleeding, cardiac tamponade, pneumothorax, and 
most frequently hypotension. In anterior left 
ventricular puncture the left atrium is directly 
punctured through the anterior chest wall. It is 
simple, safe, and useful in evaluating patients 
with acquired or congenital aortic stenosis, espe- 
cially infants and children. Also, it permits the 
injections of dyes or radioisotopes for detection 
and localization of circulatory shunts. In retro- 
grade left ventricular catheterization the left 
ventricle is entered via a catheter passed in a 
retrograde fashion through the femoral or right 
brachial artery, either percutaneously or through 
an arteriotomy. This technic is of value in loeal- 
izing the site of left ventricular outflow. The 
usefulness of suprasternal left atrial puncture is 
limited to studies in which only pressure in the 
left atrium and great vessels is desired. Cathe- 
terization of the left heart through intracardiac 
communications remains a useful and safe technic 
in patients with congenital heart disease and a 
defect in the interatrial or interventricular sep- 
tum. Injection of dyes or radioisotopes are 
important in characterizing congenital anomalies, 
and selective angiocardiography by this route 
is of great value in preoperative evaluation of 
patients with various types of left-to-right shunts. 
All of these methods have advantages, and fre- 
quent combinations of methods are used depend- 
ing upon the type of patient, experience of the 
investigator, and facilities available. 
KRAUSE 


Nilsson, P. E.: An Examination of the Electro- 
cardiogram as Recorded by Slapak and Par- 
tilla’s Chest Leads in Normal Persons and in 
Patients Suffering ‘from Myocardial Infarction. 
Acta med. seandinav. 166: 487, 1960. 

The Slapak and Partilla chest leads are re- 
corded in bipolar fashion by placing an electrode 
at the left posterior axillary line at the level 
of the apex and the other electrode at four 
different positions on a line from the left second 
intercostal space at the sternal margin to the 
left anterior axillary line. These leads are said 
to be superior to the usual electrocardiographic 
technies in the diagnosis of posterior myocardial 
infarction. The material included 30 normal sub- 
jects, 30 patients with myocardial infarction, of 
whom four died and were autopsied, and a 
further five autopsies of patients who had never 
had a coronary incident. There was so great a 
variation among normal persons that it was 
difficult to form normal limits to compare with 
those of the original authors. In patients with 
posterior infarction, the changes were similar to 
those described by Slapak and Partilla; but in 
a few, characteristic changes were missing in the 
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special leads even though they were present in 
the usual ones. The findings in subjects with 
anterior infarction were similar. Some of the 
patients who were autopsied and who did not 
have myocardial infarction, either clinically or 
at post mortem, showed typical changes in the 
Slapak and Partilla leads. Because of this varia- 
bility, it ean only be concluded that the Slapak 
and Partilla leads are less reliable than the 
standard electrocardiograms. 
SHEPS 


Sangiorgi, M., Corsi, V., Cofano, L., Salvo, E., 
and Coppolino, L.: A Comparative Study of 
Some Vectorcardiographic Methods Based on 
the Use of Unipolar Leads, Bipolar Leads 
between Symmetrical Points and Bipolar Leads 
with Multiple Electrodes. Acta cardiol. 15: 101, 
1960. 

Results of a comparative study of frontal, hori- 
zontal, and sagittal vectorcardiograms recorded 
with three different derivation systems are des- 
cribed: a unipolar derivation system placed in 
the orthogonal planes passing through the point 
O, the electric center of the heart (Jouve); a 
bipolar derivation system arranged in analogue 
planes between opposite points of the electric 
symmetry and a bipolar derivation system with 
multiple electrodes (Helm). In a few instances 
the system of McFee and Johnston as well as 
the cube system (Grishman) were also studied. 
In many normal and pathologic cases, after 
having adjusted the orthogonal components (ac- 
cording to the method of Jouve), the unipolar 
system was similar to the bipolar system with 
derivations between symmetric points. In addi- 
tion, there was, in about 80 per cent of normal 
and pathologie cases studied with both these 
systems, a good correlation with Helm’s multiple 
electrodes system. A convincing relationship was 
observed between all three of these systems and 
between that of MeFee and Johnston, but not 
with that of Grishman. The advantages offered by 
each of the three systems are discussed from the 
point of view of the corrected vectorial repre- 
sentation of the electric activity of the heart. 


BrRACHFELD 


Schelling, J. L., Reymond, Cl., and Rivier, J. L.: 
Simultaneous Recording of Phonocardiogram 
and Apex Cardiogram. Cardiologia 36: 199, 
1960. 

By simultaneous records of phonocardiogram 
and apex beat it is possible to recognize in the 
former the opening of the atrioventricular valves 
and the phase of rapid ventricular filling in early 
diastole. In mitral stenosis the apical cardiogram 
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shows certain abnormalities. Some examples from 
cases of mitral and tricuspid valvular disease are 
given in order to illustrate the method which 
supplements arterial and venous pulse tracings. 


BRACHFELD 


Ungerleider, H. E.: The Prognostic Implications 
of the Electrocardiogram. Am. J. Cardiol. 6: 
35 (July), 1960. 

The value of the electrocardiogram in prog- 
nosticating mortality among life insurance em- 
ployees or clients was discussed. Mortality rates 
were calculated or estimated to be increased 
three- to five-fold (ratio of 3 to 500 per cent) 
or more following recovery from myocardial 
infarction. Severe angina pectoris had a mor- 
tality ratio of 500 per cent when associated with 
a major electrocardiographic abnormality, but 
the rate was 2 to 300 per cent when the double 
two-step exercise test was negative. Pronounced 
T-wave abnormalities had ratios of 2 to 500 
per cent, while minor T-wave lowering was less 
ominous. Complete block of either the right or 
left bundle-branch gave a ratio of 200 per cent 
when unaccompanied by other obvious evidence 
of cardiovascular disease. Premature beats were 
associated with organic heart disease in over half 
of 1,142 insurance applicants, and, in another 
study, a high mortality ratio was found. Hyper- 
tensive subjects with normal electrocardiograms 
had a ratio of 186 per cent and those with 
abnormal tracings had 344 per cent. The elec- 
trocardiogram therefore was regarded as having 
considerable prognostic value in terms of duration 
of life. 

RoGERS 


Widimsky, J., Valach, A., Dejdar, R., Fejfar, Z., 
Vyslouzil, Z., and Lukes, M.: The Electrocardio- 
graphic Pattern of Right Ventricular Hyper- 
trophy in Cor Pulmonale (due to Pulmonary 
Tuberculosis.) Cardiologia 36: 287, 1960. 

The electrocardiogram was correlated with the 
pulmonary arterial pressure at rest and during 
exercise in 80 patients with chronic pulmonary 
tuberculosis. Of this group 23 had pulmonary 
hypertension at rest (mean pulmonary arterial 
pressure greater than 20 mm. Hg). Among the 
57 patients with a pulmonary arterial pressure 
(PAP) smaller than 20 mm. Hg at rest, the PAP 
during exercise was assessed in 36 individuals; 
23 had pulmonary hypertension during light 
exercise and 13 had normal PAP during exercise. 
A positive electroecardiographie diagnosis of right 
ventricular hypertrophy was made in only 30.4 
per cent of patients with pulmonary hypertension 
at rest and in 17.4 per cent of patients with 


ABSTRACTS 


hypertension during exercise. A probable diag- 
nosis (“indirect” signs) was made in an additional 
39.2 per cent of patients in whom pulmonary 
hypertension occurred during exercise. 


BRACHFELD 


ENDOCARDITIS, MYOCARDITIS, 
AND PERICARDITIS 


Lhotka, J.: Results of Surgical Treatment of 
Constrictive Pericarditis Cor et Vasa 2: 338, 
1960. 

Of 33 patients with contrictive pericarditis 
subjected to péricardectomy, six patients with 
concomitant mitral disease or myocardial infil- 
tration died of intractable postoperative ventric- 
ular dilatation. In these patients too large an 
area of pericardium was removed. The results 
were excellent in 27 patients, persisting up to 
9 years. In all patients the left anterior trans- 
pleural route was used. In most instances peri- 
cardectomy was restricted to the ventricles, and 
in some patients to the area of the apex only. 


LEPESCHKIN 


Oka, M., Nakao, K., and Angrist, A.: Nonspecific 
Aspects of Endocarditis. New York State J. 
Med. 60: 669 (Mar. 1), 1960. 

Even though group A streptococci are involved 
in the pathogenesis of rheumatic endocarditis, 
nonspecific factors are also concerned in the 
production of such valvular lesions. The experi- 
mental production of the basic lesions of valvular 
vegetations by nonspecific stress mechanisms is 
demonstrated. This may occur through an altera- 
tion of the endocrine system, particularly the 
pituitary-adrenal axis. It is suggested that group 
A streptococcus infection may seed an initial 
nonbacterial infection and, hence, therapy and 
prophylaxis are correctly directed to the control 
of streptococcus infection. However, perhaps all 
forms of nonspecifie stress should also be avoided. 
Ultimately reestablishment of the normal endo- 
crine balance to control reaction of the connective 
tissue of the valve may prove to be a fundamental 
approach in the avoidance of progressive valvular 
distortion. 

IKKRAUSE 


HYPERTENSION 
Beraldo, W. T.: Rat Blood Pressure as a Diag- 
nostic Procedure for Pheochromocytoma. Arch. 

Int. Pharmacodyn. 126: 37 (June), 1960. 

A method of assay for urinary catecholamines 
by using the rat’s blood pressure was described. 
The pressor effect of urine samples from four 
patients suffering from pheochromocytoma was 
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compared against a standard of norepinephrine 
and the activity ranged from 0.66 to 1 yg per 
ml. The sensitivity of the test was such that the 
output of pressor amines in the urine of patients 
with pheochromocytoma could be estimated but 
not that of normal persons. 


BRACHFELD 


Elliott, P. M.: Intravenous Protoveratrine in the 
Prevention and Management of Eclampsia. J. 
Obst. & Gynaee. Brit. Emp. 66: 610 (Aug.), 
1959. 

The author found intravenous protoveratrine 
an effective agent in the management of preg- 
nancy complicated by a marked rise in blood 
pressure. The route of administration depended 
on the degree of hypertension. Oral therapy was 
indicated for mild, intramuscular for moderate, 
and intravenous for severe hypertension. After 
initial rapid reduction of blood pressure to a 
desired level by intravenous protoveratrine, main- 
tenance with intramuscular or oral preparations 
was continued. A series of 25 eases is deseribed. 
Four patients had essential hypertension with 
superimposed preeclampsia, and there was one 
patient with chronic renal disease. “Puroverine” 
(Sandoz P. V. S. 295) was administered to 17 
antepartum and eight postpartum cases. One 
ampoule (0.1 mg./ml.) was dissolved in 10 ml. 
of distilled water or 5 per cent glucose and 
injected at the rate of slightly more than 1 ml. 
per minute until a fall of about 30 mm. Hg 
systolie and 25 diastolic occurred. The blood pres- 
sure usually continued to fall, but a second in- 
jection may sometimes be necessary. The main 
pharmacologic actions of protoveratrine are a 
hypotensive response, bradyeardia, and a digi- 
talis-like effect on the failing heart. Control of 
vasoconstriction improves cerebral, renal, and 
uterine circulation, alleviates signs and symptoms, 
and prevents serious sequelae. Response was 
more rapid in some patients, but control of con- 
vulsions was prompt. Headache was relieved in 
4, secotoma in 1, and vomiting in 1. 


MAXWELL 


Laragh, J. H., Ulick, S., Januszewicz, V., Deming, 
Q. B., Kelly, W. G., and Lieberman, S.: Aldos- 
terone Secretion and Primary Malignant Hy- 
pertension. J. Clin. Invest. 39: 1091 (July), 
1960. 

A trace dose of tritiated aldosterone was in- 
jected into hypertensive and normotensive (con- 
trol) subjects and the specifie activity of labeled 
tetrahydroaldosterone was determined in the sub- 
sequent 24-hour urine specimen. By this method 
the adrenal secretion rate of aldosterone was 
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found to be within normal limits in eight normal 
subjects, in eight patients with benign essential 
hypertension, and in two patients with hyper- 
tension due to unilateral renal disease. Signifi- 
cantly elevated adrenal secretion rates of aldos- 
terone were found in five patients with proved 
aldosteronism, in three of eight patients with 
advanced hypertension, and in 14 out of 15 
patients with malignant hypertension. The au- 
thors conclude that aldosterone hypersecretion 
does not appear to participate in the patho- 
genesis of primary (benign) hypertensive disease 
but that it may be a causal factor in the devel- 
opment of the malignant syndrome. In addition, 
they hypothesize that the hypersecretion of al- 
dosterone may be due to bilateral renal hyper- 
function in patients with malignant hypertension, 
whereas only a single adrenal adenoma is usually 
present in cases of primary aldosteronism. 


KARPMAN 


Lefebvre, R., and Genest, J.: Study of Renal 
Ischaemic Tubular Atrophy in 79 Patients with 
Arterial Hypertension. Canad. M. A. J. 82: 
249 (June 18), 1960. 

Histologic studies of the kidneys were carried 
out in 71 autopsied hypertensive patients and in 
eight patients having had a nephrectomy because 
of hypertension. In the former group, the ages 
ranged from 19 to 75 years, averaging 50, and 
56 per cent were women. The hypertension was 
essential in type in 57 patients, of renal origin 
in 14; neither its duration nor its severity was 
stated. Atrophy of the cortical tubules was found 
in 63 per cent of cases. It was frequently spotty 
and, even when severe, was occasionally uni- 
lateral. More severe atrophy was observed in 
younger patients; it was associated with greater 
reduction in total kidney weight, in kidney fune- 
tion test results, and with severe retinopathy. 
The atrophy was more pronounced and was 
consistently present in hypertension of renal 
origin, but its severity did not correlate well 
with the presence of pyelonephritis. It was re- 
lated to ischemia and correlated closely with the 
degree of renal arteriosclerosis. The significance 
of ischemic tubular atrophy in hypertensive pa- 
tients was still thought to be uncertain. 


RoGERS 


McQueen, E. G., and Morrison, R. B. I.: The 
Hypotensive Action of Diuretic Agents. Lancet 
1: 1209 (June 4), 1960. 

The relation between the diuretic and hypo- 
tensive effects of chlorothiazide and hydrochloro- 
thiazide was investigated in nonedematous hyper- 
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tensive patients, and the effects of the two drugs 
were compared with those of a mercurial diuretic. 
After treatment with any of these drugs for 
3 days, there was a reduction in blood pressure. 
There was no significant difference between the 
blood pressure fall produced by chlorothiazide 
or hydrochlorothiazide and that produced by 
mersalyl. Analysis of regression did not demon- 
strate, in the group as a whole, a significant 
relation between the blood pressure fall and the 
increase in fluid, sodium, or potassium excretion, 
or between blood pressure fall and initial blood 
pressure. In 13 patients in whom the effects of 
hydrochlorothiazide and mersalyl were compared 
at the same blood pressure level, a characteristic 
diuretic response to either agent was accompanied 
by a characteristic blood pressure response. The 
blood pressure fall was not correlated with 
plasma-volume contraction, but was probably sig- 
nificantly related to a reduction in the thiocyanate 
space. It is suggested that chlorothiazide reduces 
blood pressure by its diuretic action and that 
this drop is characteristic of the individual rather 
than the drug. This fall induced by diuresis is 
brought about in part by reduction in plasma 
volume and a concomitant diminution of tissue 
fluid. 


KURLAND 


Morris, G. C., Jr., Cooley, D. A., Crawford, E. &., 
Berry, W. B., and De Bakey, M. E.: Renal 
Revascularization for Hypertension. Surgery 
48: 95 (July), 1960. 

Normal blood pressure was restored in 82 per 
cent of 60 hypertensive patients who underwent 
unilateral or bilateral renal revascularization pro- 
cedures. In the majority of cases, renal artery 
bypass was used and, in a few, direct reconstruc- 
tion of a narrowed segment of the renal artery 
was carried out with a patch graft. Among the 
patients in whom the blood flow to the involved 
kidney was measured, all but one exceeded 200 
ml. per minute. Even in patients with extreme 
bilateral artery stenosis, total blood flow was 
only minimally depressed. This did not seem to 
correlate well with the depressed glomerular 
filtration rate. Among patients with unilateral 
stenosis, where hypertension had not been of 
long duration, the uninvolved kidney usually fune- 
tioned well before operation, while afterwards 
there was a fall in function below that of the 
revascularized kidney. This seemed related to 
a reduced filtration pressure in combination with 
the nephrosclerotic changes in the uninvolved 
kidney. In general, the revascularized side showed 
continued improvement and the uninvolved kidney 
showed late secondary improvement. The latter 
indicated some reversibility of the nephrosclerotic 
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process coneurrent with the cure of hypertension, 
Therefore, the authors suggest that contralateral 
nephrectomy be delayed for several months to 
assess the degree of improvement which may 
occur in the uninvolved side, when this kidney 
shows severe depression of renal function. In a 
few patients, pulse wave tracings were obtained 
before and after revascularization. These showed 
variable alterations in the contour and amplitude 
of the pulse pressure wave. Following revascu- 
larization, the renal artery pulse waves were 
indistinguishable from aortic pulse waves. These 
data, in addition to the above information on 
renal blood flow before and after revasculariza- 
tion, corroborated experimental evidence indicat- 
ing that renal ischemia was not the trigger 
mechanism in the production of renal vascular 
hypertension and coneurred with the current 
concept that renal hypertension is probably ini- 
tiated by an alternation in pulse pressure wave. 
These patients became normotensive after opera- 
tion and remained so for a maximum follow-up 
period of 2% years. The only death was from 
a coronary occlusion 5 days postoperatively. 
Severe hypertension without obvious cause war- 
rants renal arteriography, which is the only 
method of establishing the diagnosis of renal 
vascular hypertension. 
SHEPS 


Oldham, P. D., Pickering, G., Roberts, J. A. F., 
and Sowry, G. S. C.: The Nature of Essential 
Hypertension. Lancet 1: 1085 (May 21), 1960. 
Opinion is divided between two views of the 

nature of essential hypertension. The older view 

is that essential hypertension is a specific disease 
entity and that subjects with and without the 
disease can be separated sharply on the basis of 
their arterial pressures. Hypertension is the ex- 
pression of a single gene behaving as a mendelian 
dominant. The new view, presented by the au- 
thors, is that essential hypertension represents a 
quantitative and not a qualitative deviation from 
the norm with no natural dividing line between 
normal and abnormal pressures. In this hypoth- 
esis the arterial pressure is inherited poly- 
genically over the whole range and the inherit- 
ance of the same kind and degree in the normal 
range as in that characteristic of essential hyper- 
tension. The evidence for the older thesis centers 
on occurrence of the disease in three generations, 
equality of numbers of affected and unaffected 
sibs, the rate of rise of pressure with age, and 
the problem of gene frequency. The authors 
review existing data relevant to each of these 
arguments and find them inconsistent, with single- 
gene inheritance and more in favor of a multi- 
factorial inheritance, arterial pressure being in- 


Circulation, Volume XXIV, August 1961 








z 
3 
3 
| 


btbtets 


om 


ren INS 








TE RRERETR EO 


pees ate 





ABSTRACTS 


herited as a graded character over the whole 
range of normal and hypertension. 


KURLAND 


Papacosta, C. A., Sevy, R. W. Ohler, E. A., 
Bellow, C. T., and Brenes, L.: Plasma 17- 
hydroxycorticosteroid Levels in Normotensive 
and Hypertensive Subjects and the Influence of 
Posture. Am. J. M. Se. 239: 745 (June), 1960. 
Plasma 17-hydroxyeorticosteroid levels in nor- 

motensive and treated and untreated essential 

hypertensive subjects were estimated at rest and 
under various conditions of stress. There were 
no significant differences under the conditions 
of the experiment. It was observed, however, that 

a significant decline occurred when the subjects 

were supine for an hour and a half. The authors 

suggest that consideration should therefore be 
given to positional change in the interpretation 
of data dealing with plasma 17-hydroxycorticos- 
teroids in human subjects. 

SHEPS 


Papper, S., Belsky, J. L., and Bleifer, K. H.: 
The Response to the Administration of an 
Isotonic Sodium Chloride-Lactate Solution in 
Patients with Essential Hypertension. J. Clin. 
Invest. 39: 876 (June), 1960. 

A sodium chloride-lactate solution was adminis- 
tered intravenously to hypertensive and normo- 
tensive individuals under rigidly controlled con- 
ditions and at three different levels of dietary 
salt ingestion. The patients with hypertension 
excreted the infused sodium load more rapidly 
than normotensive patients at each of the three 
levels of sodium ingestion. At the low-salt intake 
level, there was no difference in the quantity of 
sodium excreted between norma! and hyperten- 
sive subjects. The exaggerated sodium excretion 
in the hypertensive patients was not due to differ- 
ences in preinfusion rates of sodium excretion or 
to a greater increase in serum sodium concentra- 
tion. The authors concluded that the observed 
response to salt administration in the hyperten- 
sive patients was still unexplained. 


KARPMAN 


Perera, G. A.: Antihypertensive Drug Versus 
Symptomatic Treatment in Primary Hyperten- 
sion. J. A. M. A. 173: 11 (May 7), 1960. 

A study was made to determine the possible 
role of antihypertensive drugs in lengthening the 
life of patients with primary hypertension. Fifty- 
eight patients satisfied rigid criteria for the diag- 
nosis of primary hypertension of at least 5 years’ 
duration, They were divided into two matched 
groups of 29 patients each. The test group re- 
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ceived a variety of antihypertensive drugs to 
maintain pressures at or below 160/104 mm. Hg. 
No such drugs were given to the contra-test 
group. Both groups received sedatives, analgesics, 
digitalis, and diuretics as needed. During the 
period of observation, 16 patients in each group 
died, and no significant difference in their aver- 
age survival was found. 
KITcHELL 


Tareev, E. M., and Priss, I. S.: Some Disturb- 
ances in Lipid Metabolism in Hypertensive 
Disease. Cor et Vasa 1: 3, 1959. 

In 35 normal persons the fasting serum choles- 
terol (method of Fedorova) was 125 to 180 mg. 
per cent, its esterified component 80 to 122 mg. 
per cent, its free component 45 to 70. mg. per 
eent, the phospholipids 150 to 240 mg. per cent, 
and the iodine number 340 to 420 units. Of the 
155 patients with hypertension studied, 20 pa- 
tients with uncomplicated functional hypertension 
showed normal but widely fluctuating values, 
while 40 patients in the uncomplicated sclerotic 
stage showed a slight and persistent elevation 
of cholesterol, mainly in its esterified component, 
and often a decreased phospholipid level and a 
tendency to a decreased iodine number (increased 
proportion of saturated fatty acids). In 55 pa- 
tients suffering from complications (hypertensive 
erisis or myocardial infaretion) the phospholipids 
and the iodine number tended to be elevated 
during complications with a mild course and 
decreased during those with a severe course. 


= 
LEPESCHKIN 


Tobian, L., Severseike, O., and Cich, J.: Do Mito- 
chondria Participate in General Cardiac Hyper- 
trophy. Proc. Soc. Exp. Biol. & Med. 103: 774 
(Apr.), 1960. 

The purpose of this study was to determine 
how much of an adaptive increase of mitochon- 
drial mass occurred in a typical mammalian 
muscle that had undergone hypertrophy to meet 
an increased work load. The hypertrophied wall 
of the left ventricle of rats (following induced 
hypertension) was used as a model. Two groups 
of rats were studied. The control group had blood 
pressures ranging from 89 to 136 mm. Hg. The 
other group had one of their renal arteries nar- 
rowed with a silver clip. Within 6 months 14 of 
the rats with narrowed renal arteries had devel- 
oped moderate to severe hypertension. Arterial 
pressures averaged 196 for hypertensive rats and 
119 for normotensive rats. After the rats were 
killed, the left ventricular wall and interventric- 
ular septum were removed, weighed, and eut into 
small cubes and then suspended in various solu- 
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tions and centrifuged. The following results and 
conclusions were drawn. Left ventricular weight: 
body weight ratio was 55 per cent greater in 
hypertensive rats than in a similar group of 
normotensive animals. The ratio of “non-particul- 
late” proteins of the left ventricle to total body 
weight was 53 per cent greater in the hypertensive 
group, mitochondria of the left ventricle also 
participated in the eardiae hypertrophy of the 
hypertensive group. Submitochondrial particles 
of the left ventricle also participated in cardiac 
hypertrophy, and the ratio of protein in these 
particles to total body weight was 37 per cent 
greater in hypertensive rats than in normotensive 
rats. Hypertrophy of the mitochondria, however, 
was not as great proportionately as that of the 
left ventricle as a whole. Hypertrophy of the sub- 
mitochondrial particles in hypertensive rats was 
proportionately less than the hypertrophy of the 
left ventricle as a whole. The mass of protein 
individual mitochondrion was slightly less in 
hypertensive rats than in the normotensive ani- 
mals. The total number of mitochondria increased 
50 per cent as the left ventricle hypertrophied 
(p=.08). It seemed evident that the total mass of 
mitochondrial protein in the left ventricle could 
increase in adaptation to an inerease in work 


load. 
KRAUSE 


METABOLIC EFFECTS ON 
CIRCULATION 
Luthy, E., Rosli, R., and Bischof, B.: Behavior 
of Cardiac Glycogen in Hypertrophied Rat 

Hearts after ACTH and STH. Cardiologia 36: 

209, 1960. 

Left heart hypertrophy was produced in rats 
in a short period by establishing coarctation of 
the abdominal aorta. During development of this 
hypertrophy the glycogen content of rat hearts 
was increased. The glycogen level depended on 
the rate of development of hypertrophy. ACTH 
or STH produced an increase in heart glycogen, 
followed by a fall. In the hypertrophied heart 
this increase was much less than in normal ani- 
mals but the fall was greater. Possible mechanisms 
are discussed. 

BRACHFELD 


PATHOLOGY 


Ghys, A., and Vastesaeger, M.: Coronarographic 
Aspects of Coronary Occlusions. Acta cardiol. 
15: 120, 1960. 

Experience with 360 postmortem arteriograms 
of the coronary arteries, of which 200 were in 
cases of myocardial infarction, are discussed. The 
injection was performed according to the classic 
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technic as described by P. Vander Spraeten. It 
was concluded that these studies facilitate the 
diagnosis of the cause of a coronary occlusion, 
particularly recent thrombosis. However, as the 
thrombus retracts and organizes, the radiologic 
picture becomes less characteristic. If the oceclu- 
sion is old, the picture is often irregular and its 
interpretation difficult, particularly if the lesion 
is in the process of recanalization and if vascular 
calcification has oceurred. Increased information 
is obtained by combining coronary arteriography 
with a dissection of significant areas of the 
coronary network. 
‘ 3RACHFELD 


Gore, I., and Collins, D. P.: Spontaneous Athero- 
matous Embolization. Review of the Literature 
and a Report of 16 Additional Cases. Am. J. 
Clin. Path. 33: 416 (May), 1960. 

Embolization of atheromatous material has oe- 
curred with sufficient frequency to make it sig- 
nificant. It may oceur spontaneously or as the 
result of surgical manipulation of a diseased 
artery. Most of these emboli are recognized micro- 
seopically. Their structure is indentical to the 
contents of degenerating atheromatous lesions of 
the aortic intima. Lack of attachment to a struc- 
turally intact wall of a vessel and the presence 
of intact erythrocytes at the perimeter of the 
embolus characterize the fresh lesion. Since most 
of these emboli oceur in small vessels, endogenous 
atherosclerosis of these vessels can be excluded 
by the presence of erystalline lipid deposits. To 
date 84 cases have been described; 66 occurred 
spontaneously and 18 complicated surgical resec- 
tions of abdominal aortic aneurysms producing 
renal insufficiency and death. The presence of an 
aneurysm increases significantly the incidence of 
atheromatous embolization. The present report 
describes the detailed findings in 16 patients. The 
most commonly involved viscera were the kidney, 
panereas, and spleen. This is probably explained 
by the greater involvement of the abdominal 
aorta which supplies these viscera. These 16 
cases were accumulated in a few months indicat- 
ing the frequency of this complication, particu- 
larly after the age of 60. It was noted that the 
lesions were frequently multiple and of varying 
ages. Cerebral emboli commonly originated from 
plaques in the earotid arteries. Patients with 
cerebral or coronary emboli had a high incidence 
of syphilis, accounting for unusually advanced 
intimal disease in the proximal aorta. Pancrea- 
titis and gastrointestinal ulcers have been re- 
ported as a result of atheromatous emboli. The 
aorta was the principal source of origin for the 
embolie material. 

LEVINSON 
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Hudson, R. E. B.: The Human Pacemaker and 
Its Pathology. Brit. Heart J. 22: 153 (Apr.), 
1960. 

The sinoatrial node was examined histologically 
in 65 formalin-fixed human hearts, including one 
fetal heart. All except the fetal heart were 
abnormal in some respect. The landmark for the 
normal node is the summit of the junction of 
the superior vena cava and the right atrium. The 
average normal adult node is a erescentie vascu- 
lar neuromyocardial structure distinetly marked 
off from the neighboring tissues. At its largest 
part, it is three to four times the size of a pin 
head. In 14 of 15 patients with obviously dam- 
aged nodes, cardiae arrhythmias had been present 
in life. Two patients showed evidence of addi- 
tional surgical trauma following operations for 
correction of atrial septal defects. The common- 
est of all node lesions in this series was focal 
hemorrhage; hypertrophy and neoplastic involve- 
ment occurred uncommonly. 

KALMANSOHN 


Huntingford, P. J.: The Aetiology and Signifi- 
cance of Congenital Heart Block. (The Report 
of a Case Studied by Serial Section of the 
Heart.) J. Obst. & Gynaee. Brit. Emp. 67: 259 
(Apr.), 1960. 

The author described the eighth patient with 
congenital heart block in whom serial sections 
of the heart were studied. The patient was a 
3-day-old girl who died with a heart rate of 60 
per minute and cyanosis. The atrioventricular 
node was not identified. The first identifiable 
conducting tissue was a bundle running vertically 
in the central fibrous body which separated the 
atrial and ventricular musculature. As it coursed 
through the central fibrous body, the bundle 
became split into disconnected strands of loose 
fibrous tissue. The remainder of the sections were 
apparently normal except for the presence of a 
defect in the membranous interventricular sep- 
tum. By reviewing the other seven patients sub- 
jected to histologic studies of the conducting 
system the author concluded that congenital heart 
block may occur in many types of congenital 
heart disease and in otherwise normal hearts, 
that an interventricular septal defect per se is 
not the cause of the block, and that the condition 
results from defective formation of the central 
fibrous body. 

KALMANSOHN 
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Larsen, K. A., and Noer, T.: Cardiac Aneurysm 
of the Membranous Portion of the Interven- 
tricular Septum. Acta med. scandinav. 166: 
401, 1960. 

Three cases of aneurysm of the membranous 
portion of the interventricular septum are de- 
seribed. The first patient was a woman aged 72 
who had experienced various types of arrhy- 
thmias and died in heart failure. There was no 
constant murmur. <A second woman aged 70, 
died in heart failure with no elinically recog- 
nizable symptoms attributable to the aneurysm. 
The final patient was a woman aged 45 who 
developed hypertension due to chronic pyelo- 
nephritis. A rough systolie murmur was subse- 
quently heard at the second left interspace, and 
a late systolic, thin, sibilant murmur was also 
heard. It was postulated that the latter murmur 
was caused by an inerease in tension within the 
aneurysm secondary to the hypertension; this 
possibly affected the tricuspid orifice during sys- 
tole producing regurgitation. These aneurysms 
always protrude into the right heart, either 
above, at, or below the tricuspid valve. It is 
suggested that because of the location of these 
aneurysms, they may cause symptoms by inter- 
fering with the tricuspid valve in late systole, 
or may be the cause of some rhythm disturbances 
affecting the bundle of His-Tawara. Other cases 
in the literature with arrhythmias are noted. 
This condition appears to be due to congenital 
maldevelopment and commonly is seen associated 
with Mongoloidism. 

SHEPS 


Lurie, A. O.: Left Ventricular Aneurysm in the 
African. Brit. Heart J. 22: 181 (Apr.), 1960. 
Because of the low incidence of ventricular 

aneurysm in the African and the heretofore un- 

recorded incidence of myocardial infarction as 
the etiology of these rare patients with ventric- 
ular aneurysm, the author reports four patients 
with this condition, in three of whom postmortem 
examinations were performed. In three patients, 
no etiology for the aneurysm was discovered; 
the fourth patient constitutes the first African 
to be reported with a ventricular aneurysm due to 
coronary thrombosis; the atypical features of the 
latter patient were the age (31-year-old man) and 
the absence of coronary artery atherosclerosis or 
other lesions that could be held responsible for 
the formation of a thrombus. 

KALMANSOHN 











NEWS FROM 
THE AMERICAN HEART ASSOCIATION 


44 East 23rd Street, New York 10, New York 
Telephone Gramercy 7-9170 


September 15 is Deadline to Apply 
For AHA Fellowship Awards 

Applications for Research Fellowships 
and Established Investigatorships to be 
awarded by the Association for the fiscal 
year beginning July 1, 1962, should be 
submitted by September 15, 1961. The 
deadline for Grants-in-Aid applications 
is November 1, 1961. 

Fellowship awards and their range of 
stipends are: Established Investigator- 
ships, $7500-$9900, plus special grant 
and dependency allowances; Advanced 
Research Fellowships, $5500-$6000, plus 
departmental and dependency allow- 
Research Fellowships, $4500- 
$5000 plus dependency allowances (this 
category is awarded primarily by local 
Heart Associations). 

Forms for submitting applications are 
available from the Associate Medical Di- 
rector for Research, American Heart 
Association, 44 East 23rd Street, New 
York 10, New York. 


ances; 





Record Number of Abstracts Submitted 
For AHA Scientific Sessions 


A record number of 627 abstracts have been 
submitted for possible presentation at the 
34th annual Scientific Sessions of the Ameri- 
ean Heart Association. The sessions will be 
held at the Americana Hotel in Bal Harbour, 
Miami Beach, Florida, October 20-22. 

The program will include six sessions on 
clinical cardiology designed particularly for 
the practicing physician. A panel or sympo- 
sium on related investigative work will be pre- 
sented at each clinical session. 

Also, a total of at least 18 other scientific 
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sessions will be held concurrently throughout 
the three-day program. 
Following is an outline of the program: 


Friday, October 20 

Opening address by Oglesby Paul, M.D., 
AHA President; Conner Memorial Lecture, 
by Dr. Clark H. Millikan, Professor of Neu- 
rology, Mayo Clinic; symposia, ‘‘Contribu- 
tion of Phonocardiography to Auscultation,”’ 
and ‘‘Coronary Arteriography’’; lecture, 
‘Biplane Angiography’’ by Dr. Herbert L. 
Abrams, Assistant Professor of Radiology, 
Stanford Medical Center; concurrent sessions 
on various cardiovascular subjects ; and a pro- 
gram for nurses. 


Saturday, October 21 

Panel on ‘‘ Ventricular Arrhythmias’’; lee- 
ture on ‘‘Closed Chest Cardiac Resuscitation”’ 
by James R. Jude, M.D., Johns Hopkins Hos- 
pital; Brown Memorial Lecture, ‘‘ Physiology 
of the Peripheral Circulation,’’ by Robert W. 
Wilkins, M.D., Professor of Medicine, Bos- 
ton University School of Medicine; sympo- 
sium, ‘‘Renal Failure’’; simultaneous sessions 
on basic science, cardiovascular surgery, and 
‘‘Compensable Heart Disease, Strain and 
Trauma.’’ 

Conferences on a variety of cardiovascular 
topics will be held on Saturday evening. 


Sunday, October 22 


Symposium, ‘‘The Role of Hormones in 
Heart Failure’’; panels, ‘‘Ventricular Hy- 
pertrophy and Bundle Branch Block’’ and 
‘*Newer Electrocardiographic Lead Systems’’ ; 
lecture, ‘‘ECG Clues Suggesting Myocardial 
Infaretion’’ by Junior A. Abildskov, M.D., 
Assistant Professor of Medicine, State Uni- 


versity of New York College of Medicine; and 


Circulation, Volume XXIV, August 1961 








\ 
; 








\ 
; 


AMERICAN HEART ASSOCIATION 


concurrent sessions on rheumatic fever and 
congenital heart disease and cardiovascular 
surgery. Cardiovascular films, with introduc- 
tions and commentary by the author or other 
authority on the subject, will be shown 
throughout Sunday. 


AHA to Issue “Circulation Research” 
As a Monthly Beginning in 1962 


To accommodate an increasing volume of 
research papers on basic studies in the car- 
diovascular field, Circulation Research will be 
issued monthly instead of bi-monthly, begin- 
ning January, 1962. 

The change reflects the steady expansion of 
research which has been taking place in the 
cardiovascular field during recent years. Cir- 
culation Research was established by the As- 
sociation in 1953 as a 96-page publication, and 
has since been enlarged to its present 256-page 
size. This has not been sufficient, however, to 
keep pace with the growing volume of worth- 
while manuscripts received. Publication of 
Circulation Research on a monthly basis will 
help speed the transmission of research find- 
ings to investigators. 

One of three scientific periodicals published 
by the American Heart Association, Circula- 
tion Research is the only journal devoted ex- 
clusively to reports on fundamental research 
studies as they apply to cardiovascular medi- 
eine and surgery. 

Subseription rates for the journal as a 
monthly will be $14 annually in the U.S. and 
Canada, $15 elsewhere. It will be available at 
a reduced rate of $9 for full-time research 
fellows, interns, residents and medical stu- 
dents. A combined subscription to Circulation 
Research and Circulation will be $25 yearly, 
$28 outside the U.S. and Canada. 


Materials from AHA Journals 
Are Available in Volume Form 


Four volumes bringing together materials 
of interest to physicians and scientists have 
been published by the Association, as follows: 

Hypertension-Chemical and Hormonal Fac- 
tors, Volume IX of the Proceedings of the 
Association’s Council on High Blood Pressure 
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Research, a compilation of papers given by 
leading authorities in the field at the Coun- 
eil’s Annual Meeting in Cleveland last No- 
vember ($2.50), printed as a supplement to 
Circulation Research, May 1961. 

Symposium on Coronary Heart Disease, No. 
2 in the AHA monograph series, a compilation 
of articles originally published in Circulation 
from August 1960-January 1961 ($2.50) ; 

Cardiovascular Abstracts I—1960 contains 
more than 700 abstracts of significant papers 
on cardiovascular subjects published in 86 
scientific journals in the U. S. and abroad 
($2.75). These originally appeared in sections 
of Circulation. 

The Myocardium—Its Biochemistry and 
Biophysics includes presentations given at a 
New York Heart Association symposium in 
December 1960 ($2.50), also published as a 
supplement to this issue (August) of Circu- 
lation. 

Copies of all volumes are available from 
the Distribution Department, American Heart 
Association, 44 East 23rd Street, New York 
10, New York, through local Heart Associa- 
tions or through medical bookstores. 


Article on Heart Auscultation 
Available to Physicians, Students 


To help meet the need for continuing train- 
ing and education in auscultation of the heart, 
the Association has made available to physi- 
cians and medical students reprints of an ar- 
ticle on the subject which appeared in the 
March and April, 1961, issues of Modern Con- 
cepts of Cardiovascular Disease. 

The article, by Virginia Hardman, M.D. 
and J. Seott Butterworth, M.D., of New York 
University School of Medicine, discusses 
briefly some of the physical and hemody- 
namic principles which govern production of 
heart sounds and murmurs. It points out some 
factors which influence their recognition 
under clinical circumstances. Included are 
schematic diagrams and a list of reference 
books. 

Copies are obtainable free from local Heart 
Associations or the American Heart Associa- 
tion. 
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Delaware Heart Group Donates $12,250 
To Supplement AHA National Research 

The Delaware Heart Association has pro- 
vided $12,250 to supplement the Association ’s 
national research program for fiscal 1961-62. 
The funds will be applied to support of the 
following Grants-in-Aid : 

Helen B. Taussig, M.D., Johns Hopkins 
University, in full support of a study on 
‘Etiology of Congenital Malformations of the 
Heart and Great Vessels’’?; Francis Wood, 
M.D. and Earl Barker, M.D., University of 
Pennsylvania School of Medicine, in full sup- 
port of a study on ‘*‘Renal Physiology—Nor- 
mal and Pathologic’’; also, Dr. Wood and 
Stanley A. Briller, M.D., for total support of 
a study on ‘‘ Energetics of the Myocardium’? ; 
and Emil Blair, M.D., University of Maryland 
School of Medicine, in partial support of a 
grant for ‘‘Physiological, Morphological and 
Surgical Study of Experimental Coronary 
Thrombosis and Myocardial Infarction.’’ 

Such contributions over amounts regularly 
assigned by local Heart Associations for na- 
tional research permit support of additional 
studies which could not otherwise be covered 
by the national research budget. 


New Heart Bulletin Editors 
Are Named by Association 

The Association’s Publications Committee 
has announced the appointment of seven phy- 
sicians as Associate Medical Editors of The 
Heart Bulletin, which is sponsored by AHA 
in cooperation with the National Heart Insti- 
tute and the American Academy of General 
Practice. 

The new editors take the places of several 
previous appointees whose terms have expired. 
They will advise Dr. Russell W. Cumley, who 
remains as Executive Editor of the bi-monthly 
journal. 

The newly-named Associate Medical Editors 
and their fields of specialization are: 

David I. Abramson, M.D., Chicago, Periph- 
eral Circulation; Henry T. Bahnson, M.D., 
Baltimore, Cardiovascular Surgery; Stanley 
Briller, M.D., Philadelphia, Electrocardiog- 
raphy; Edward C. Lambert, M.D., Buffalo, 
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New York, Pediatrics; Milton Mendlowitz, 
M.D., New York, Hypertension; William L. 
Proudfit, M.D., Cleveland, Clinical Cardiol- 
ogy ; and Roger W. Sevy, M.D., Philadelphia, 
Research. 

A bi-monthly journal on cardiovascular dis- 
ease for the practicing physician, The Heart 
Bulletin is published as a publi¢ service by 
the Medical Arts Publishing Foundation, 
Houston. 


Postgraduate CV Surgery Courses 
Offered by College of Surgeons 
Because of wide interest in the subject, 
special attention is called to a series of half- 
day postgraduate courses on ‘‘ Cardiovascular 
Surgery’’ to be given during the American 
College of Surgeons’ Clinical Congress in Chi- 

cago, October 2-6. 

Subjects for the courses are ‘* Vascular Sur- 
gery,’’ ‘‘Hypothermia in Cardiae Surgery,’’ 
‘*Certain Problems of Congenital Heart Dis- 
ease,’’ and ‘‘ Problems of Extracorporeal Cir- 
culation.”” The fee is $10 per course. 
Concurrent general sessions are scheduled on 
surgery and surgical specialties. 

Registrations may be made with the Ameri- 
can College of Surgeons, 40 East Erie Street, 
Chicago 11, Illinois. 


Gift Subscriptions to AHA Journals 
Urged for Needy Countries 

As an aid to world-wide dissemination 

of cardiovascular knowledge, physicians 

and scientists in the United States are 

urged to donate subscriptions to Circu- 

lation and Circulation Research to medi- 


cal university libraries, schools and pro- 


fessional groups in underdeveloped and 
newly independent countries. 

Those wishing to offer such gift sub- 
scriptions may do so through the Asso- 
ciation’s Publishing Office, 44 East 23rd 
Street, New York 10, New York. The 
cost of each subscription will be: $15 for 
Circulation, $10, Circulation Research. 
Subscriptions to the combined journals 
are $23. 
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Meetings Calendar 

August 27-September 1: American Congress of 
Physical Medicine and Rehabilitation, Cleve- 
land. Dorothea C. Augustin, 30 N. Michigan, 
Chieago 2, Illinois. 

September 26-29: American Roentgen Ray So- 
ciety, Miami Beach. C. A. Good, Mayo Clinie, 
Rochester, Minnesota. 

October 2-6: American College of Surgeons, Chi- 
cago. W. E. Adams, 40 East Erie St., Chicago 
11, Illinois. 

October 3-4: Congress on Occupational Health, 
Denver. Council on Occupational Health, Amer- 
ican Medical Association, 535 N. Dearborn, 
Chicago 10, Tllinois. 

October 12-14: International College of Surgeons, 
Regional Meeting, Atlantie City. W. F. James, 
1516 Lake Shore Dr., Chicago 10, Tllinois. 

October 14-20: International Congress of Neuro- 
surgery, Washington, D.C. Bronson S. Ray, 
525 E. 68th Street, New York 21, New York. 

October 17-19: International Seminar on Vaseu- 
lar Systems, Miami Beach. John B. Liebler, 
Heart Association of Greater Miami, 253 S.W. 
8th St., Miami 36, Florida. 

October 18-20: Council on Arterioselerosis of the 
American Heart Association, Bal Harbour, 
Florida. Jeremiah Stamler, Chicago Board of 
Health, 54 West Hubbard, Chicago 10, Tllinois. 

October 20-24: American Heart Association, An- 
nual Meeting and Scientific Sessions (October 
20-22), Bal Harbour, Florida. American Heart 
Association, 44 East 23rd St., New York 10, 
New York. ve | 

October 26-27: The Organization of Bio-Medi- 
cal Instrumentation and Engineering in Uni- 
versities and Hospitals, Omaha. Office of Medi- 
cal Extension, University of Nebraska, Omaha 
5, Nebraska. 

November 13-17: American Publie Health Asso- 
ciation, Detroit. Berwyn F. Mattison, 1790 
Broadway, New York 19, New York. 

November 13-18: Canadian Heart Association 
and National Heart Foundation of Canada, An- 
nual Meeting and Scientific Sessions, Van- 
ecouver. J. B. Armstrong, National Heart Foun- 
dation of Canada, 501 Yonge St., Toronto 5, 
Canada. 
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November 16-18: International Symposium “Eti- 
ology of Myoeardial Infaretion,” D-troit. 
Thomas N. James, Henry Ford Hospital, De- 
troit 2, Michigan. 

November 25-27: American College of Chest Phy- 
sicians, Interim Session, Denver. W. Bentley, 
112 E. Chestnut, Chicago 11, Illinois. 

November 27-30: American Medical Association, 
Clinical Meeting, Denver. F. J. L. Blasingame, 
535 N. Dearborn, Chicago 10, Illinois. 

December 1-2: Symposium on Cinefluorography 
(3rd) Rochester, New York. Stanley M. Rogoff, 
University of Rochester Medical Center, Ro- 
chester 20, New York. 

1962 


February 7-10: American College of Radiology, 
New York. W. C. Stronach, 20 No. Wacker Dr., 
Chicago 6, Illinois. 


Abroad 

September 3-7: International Congress on Rheu- 
matology, Rome. Prof. C. B. Ballabio, Clinica 
Medica Generale, Via F. Sforza 35, Milano, 
Italy. 

September 3-10: Inter-American Congress of 
Radiology, Sao Paulo. W. Bomfim-Pontes, 
Rue Cesario Motta, No. 112, Sao Paulo, 
Brazil. 

September 4-9: International Congress of Angi- 
ology, Prague. Prof. Z. Reinis, TVth Medi- 
eal Clinie, Praha 2/499, Czechoslovakia. 

September 6-12: International Congress of Hu- 
man Genetics, Rome. Luigi Gedda, 5 Piazza 
Galeno, Rome, Italy. 

September 7-9: International Cardiovascular So- 
ciety Congress (5th), Dublin. H. Haimovici, 
715 Park Ave., New York 21, New York. 

September 10-15: International Neurological 
Congress, Rome. G. Alema, Vialo Universita 
30, Rome, Italy. 

September 11-14: National Congress of Cardi- 
ology, San Luis Potosi, Mexico. Jose M. 
Torre, Av. V. Carranza No. 2405, San Luis 
Potosi, S. L. P., Mexico. 

1962 


October 7-13: Fourth World Congress of Cardi- 
ology, Mexico City. I. Costero, Secretary 
General, Ave. Cuauhtemoc 300, Mexico 7, 
BF. 
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Foreword 


T IS TRADITIONAL, both in the physio- 
Soca laboratory and in the clinic, to 
regard the heart as a muscular pump. More- 
over, in appraising the performance of this 
pump, it has become customary to assess 
separately the work of the right and of the 
left ventricles, a practice that involves the 
measurement of the blood pressure developed 
and the volume of blood ejected by each ven- 
tricle during systole. From this hemodynamic 
approach has come not only the broad gen- 
eralizations about the behavior of the heart, 
i.e., ‘‘Starling’s Law,’’ ‘‘Bowditch’s All or 
None Law’’ and the ‘‘Stairease Phenom- 
enon,’’ but also the eriteria for estimating 
the capacity of each ventricle for performing 
work, as well as its adaptability to different 
work loads. 

However, as it becomes clear that current 
hemodynamic measurements per se promise 
fewer and fewer broad generalizations, atten- 
tion is turning to the biochemical and _ bio- 
physical aspects of heart muscle. The heart 
is being scrutinized as a biologic engine for 
transducing the chemical energy of metab- 
olism into useful mechanical work. Leading 
and directing this new approach are the 
electron microscopists, the biochemists, and 
the biophysicists who bring lessons learned 
from muscular and nonmuscular contractile 
tissues to the study of the myocardium. 

Their first studies have succeeded in illu- 
minating certain features of myocardial func- 
tion. But, these studies have also emphasized 


how little we about the 


know coordinated 
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performance of the heart. Indeed, in the 
sphere of coordinated behavior, they have 
raised more questions than they have an- 
swered: How does the myocardial engine 
work? How is the chemical energy converted 
into mechanical energy? Is there a general 
principle of contractility and how does the 
myocardium illustrate it? What sets the con- 
tractile into What is the 
molecular basis for electric-chemical-mechani- 
eal coupling? 

These questions about the coordinated be- 
havior of the heart muscle should not obscure 
the wealth of observations and experiments 
that preceded them. Muscle has probably been 
studied more intensively than any other tis- 
sue. 


process motion ? 


Indeed, such questions could not be 
posed were it not for a host of antecedant 
observations and experiments. Unfortunately, 
only the future can disclose if the proper 
observations were made, if the proper experi- 
ments were performed, and if the proper 
questions are being asked. 

Although this conference is deeply rooted 
in classical physiology, nearly all of its topics 
are products of modern times. This point is 
easily illustrated with respect to the energy 
for muscular contraction. Thus, only in 1907, 
did Fletcher and Hopkins disclose that lactic 
acid is formed when muscle contracts. By the 
1920s, the time was ripe for Hill, Myerhof, 
and Fenn to consider, in a systematic fashion, 
the energy liberated by a contracting muscle. 
By 1930, it was clear that: (1) myosin is 
part of the contractile machinery of muscle, 
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(2) the energy expended during contraction 
derives from the breakdown of glycogen into 
lactic acid, and (3) creatine phosphate and 
ATP are present in muscle. During the 1930s, 
the role of creatine phosphate was elucidated 
and parallels were drawn between glycolysis 
fermentation. Not 
until the 1940s was it shown that: (1) myosin 
catalyzed the splitting of ATP, (2) actin and 
myosin were separable, and (3) the contrac- 
tile behavior of muscle could be mimicked 
in vitro. In the same decade, the electron 
microscope was also first applied to the vis- 
ualization of the ultrastructure of heart mus- 
ele. In the 1950s and 1960s, attention has 
been focused on the intracellular, molecular 
for contraction and on 
models that are designed to account for the 
behavior of contracting muscle in vivo. 


in musele and alcoholic 


sources of energy 


This outline of a steady progression from 
larger to smaller units has skipped the un- 
certainties that haunt the isolation of cellular 
ingredients from their natural surroundings. 
Is the final preparation typical of living mus- 
ele or is it an artifact of synthesis? What 
does the behavior of the contractile thread 
or the isolated sarcomere mean for the behav- 
ior of intact muscle? Mephistopheles recog- 
nized that ‘‘to comprehend a living thing past 
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any doubts’’ it is necessary to ‘‘cancel first 
the living spirit out.’’ But, how does the final 
analysis take into account the ‘‘living link 
you banned’’? How relevant is the behavior 
of skeletal or smooth muscle to the behavior 
of heart muscle? Is there a general law of 
contractility that is epitomized by the behav- 
ior of heart muscle? How meaningful are 
the ingenious anatomic and physicochemical 
models for the 
muscle? 


understanding of living 

The time is not yet ripe for answers to 
many or, possibly, to any of these questions. 
Nor was this meeting arranged to provide 
such answers. Instead, the meeting has more 
circumscribed goals: to set questions that 
await solution alongside of the observations 
that have led to their formulation; to en- 
courage investigators to illuminate boundaries 
between different interests so that these boun- 
daries the un- 
initiated to peer at muscle through the disci- 
plined eyes of scientists devoted to the study 
of muscle; and, hopefully, to help to shape 
a question or two that might otherwise have 
remained amorphous. 


may be crossed; to allow 


ALFRED P. FisHmMan, M.D. 
Guest Editor 


Muscle as a Contractile Tissue 


. it must not be supposed that muscles operate by any unique mechanism not repre- 


sented in other contractile tissues. The fundamental mechanism of contraction is presumably 


the same in all tissues, but in muscles 


less obseured by 


other functions, such as 


digestion, absorption and exeretion, and it is easier to measure the forces developed, easier 


to observe the physical changes which occur, and easier to determine the chemical nature 
and quantities of the reactants and end products of the chemical processes involved.—W. O. 


Fenn. Section on Contractility in R. 
Philadelphia, Blakiston, 1945, p. 447. 
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Chairman: 


Ultrastructure 
Charles E. Kossmann, M.D. 


On Smallness 


By Cuar.eEs E. Kossmann, M.D. 


Y WAY OF INTRODUCTION to the 
material on Ultrastructure to be pre- 
sented in this initial portion of the Sympo- 
sium on the Myocardium a few remarks on 
the general problem of Smallness are in order. 
When one probes a little into the scientific 
realm of the previously unseen, some para- 
doxes and apparent inconsistencies are en- 
eountered that make comprehension by the 
uninitiated a little difficult. I will attempt 
to share with you 1 or 2 of the personal 
problems encountered in learning about this 
strange new world, which I hope may imple- 
ment your own understanding of the excit- 
ing presentations about to be made. 

We might begin with the word, Ultra- 
structure, itself. ‘‘Ultra’’ is a prefix that, 
in the Latin from which it is borrowed, means 
“*beyond.’’ ‘‘Beyond structure’’ by itself is 
relatively meaningless, but perhaps those who 
coined the word had in mind a structure 
beyond something. That something is visi- 
bility, and, for purposes of definition, visibil- 
ity even when augmented with a compound 
light microscope. 

Ultrastructure, then, is really a contraction 
of ‘‘ultramicroscopic structure’’ meaning that 
it is substance of such small size as to be 
beyond that which can be seen with a light 
microscope. Despite the definition, a micro- 
scope is indeed used. But it is a special type, 
available for barely 2 decades but neverthe- 
less now quite familiar to most morphologists. 
It is the electron microscope.' 

Human curiosity naturally prompts one to 





From New York University School of Medicine, 
New York, New York. 
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ask how the electron microscope differs irom 
an ordinary light microscope. Both utilize the 
refractive principle but in one the refracted 
beam is light, in the other a stream of elec- 
trons. When the mechanisms involved are in- 
vestigated further, a singularly surprising 
discovery is made to the effect that, in the 
field of electron optics, a dualism exists which 
on the surface, at least, appears to be a 
paradox. The electron is regarded not only 
as a particle, but also as a wave. Further, 
and most important from the microscopist’s 
point of view, the wave has a length that is 
only a fraction of the length of an ordinary 
light wave. Basically it is this difference in 
wave lengths that accounts for the different 
resolving powers of the 2 types of micro- 
scopes under discussion. For the light micro- 
scope the limit of resolution for tissues is in 
the neighborhood of 0.25 micron; of an elec- 
tron microscope 20 to 30 A. Under ideal con- 
ditions, then, the resolving power of the latter 
is 100 times greater than of the former. In 
the biologie sciences it is the new anatomic 
realm revealed by this superior performance 
of the electron microscope that constitutes 
what is now known as Ultrastructure. 

It might be appropriate at this point to 
recall the measurements used in defining de- 
grees of smallness. Justification for repeating 
these elementary measurements is the pre- 
sumption that most of you do not use the 
electron microscope in your everyday activi- 
ties. 

1 mm. = 1,000 » = 10,000,000 A 
Another way of saying this is that 
0.001 mm. = » = 10,000 A 


Circulation, Volume XXIV, August 1961 





ON SMALLNESS 


By way of a minor but purposeful di- 
gression, if the problems of wave mechanics 
and theory as applied to the electron micro- 
scope are studied, it is learned that the elec- 
trons in the beam, being particles, have en- 
ergy defined by Einstein’s well-known rela- 
tion for the equivalence of mass and energy, 
namely 

E = me? 
The equation has relevance to more than a 
beam of electrons. To the physicist it demon- 
strates, among other things, the important 
concept of variation of mass with velocity. 
To the biologist it suggests, if it is correct, 
that eventually the division between struc- 
ture and function must become narrow in- 
deed. As this symposium wends on, all of us 
will probably become aware of the consider- 
able decrease in the gap between structure 
and function that has resulted from the orig- 
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structure have concerned themselves, one 
wonders what will be the next order of mag- 
nitude to be studied. It is obvious, for ex- 
ample, that pores exist in membranes which 
cannot be seen even with the electron micro- 
scope.2 What will be the eventual extreme 
of visible smallness? How small is infinitely 
small? What is the limit of smallness of which 
man’s mind can conceive? In such frustrating 
questions as these can be recognized the sub- 
strate for a new type of neurosis among ultra- 
microscopists and perhaps among all biolo- 
gists. But this theoretical occupational disease 
need not concern us at present. There is too 
much yet to be learned about ultrastructure 
now visible, and it is about this as found 
in the myocardium that we will hear this 
morning. 
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One Life 


Four decades of research have left no doubt in the author’s mind that there is only one 
life and one living matter, however different its structures, colorful its functions, and 
varied its appearance. We are all but recent leaves on the same old tree of life and even 
if this life has adapted itself to new functions and conditions, it uses the same old basic 
principles over and over again. There is no real difference between the grass and he who 
mows it. The muscles which move the mower need the very same two substances for their 
motion as the grass needs for its growth, potassium and phosphate, the two substances we 
put on our lawn as fertilizer so as to have something to mow—a strikingly simple demonstra- 
tion of the basie unity of living Nature,—A. Szent-Gyorgyi. Chemistry of Muscular Con- 
traction. Ed. 2. New York, Academic Press Ine., 1951, p. 5. 
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The Contractile Structure of Cardiac and Skeletal Muscle 


By H. E. Huxtey, Px.D. 


Previous findings that have led to the ‘sliding-filament’ model for striated muscle are 
reviewed, together with some recent observations on isolated filaments produced by a new 


procedure. The basic structure of the contractile apparatus in skeletal and in eardiac 


muscle appears to be identical. The relation between certain special features of cardiac 


muscle and its structure is discussed. 


SHOULD LIKE first of all to review 
] very briefly the picture we now have of 
the fine structure of striated muscle. This 
will be very familiar to many people here, 
but I hope to mention one or two new pieces 
of evidence to maintain their interest. It 
will be useful to set out this picture again, 
I believe, since many of its features are 
established with a rather high degree of cer- 
tainty and have been accepted by its original 
opponents; it is therefore likely to be both 
profitable, and fairly correct to think of 
muscles in these terms when trying to 
explain their various properties. The features 
I shall describe appear to be common to both 
eardiac and skeletal muscle. 


Review of Structural Observations 

The starting point in describing the fine 
structure is the well-known appearance of 
the cross striations in these muscles, illus- 
trated in figure 1. This shows the character- 
istic alternation of dark and light bands 
along each of the myofibrils, the dense 
A-bands, and the less dense I-bands. The 
I-bands are bisected by the dense Z-line, and 
the A-bands often show a less dense zone 
in the center, known as the H-zone. The 
myofibrils are also composed of longitudinal 
filaments, and, when very thin sections are 
examined (fig. 2), it becomes evident that 
it is the arrangement of the filaments that 
gives rise to the pattern of striations, as 
Dr. Jean Hanson and I suggested on the 
basis of light-microscope observations and 
the earlier electron micrographs.' There are 
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2 types of filaments present, organized into 
a series of overlapping arrays along each 
fibril, arrays of thicker filaments forming 
the A-bands and arrays of thinner filaments 
being present in the I-bands. The thinner 
filaments extend into the A-bands but at 
rest length do not quite reach to the center, 
leaving there, as a result, the somewhat less 
dense H-zone. The thick filaments have a 
diameter of about 100 A and lie in a hex- 
agonal array about 450 A apart; they are 
each about 1.5 microns long, the length of 
the A-band. The thin filaments are about 
50 A in diameter and extend approximately 
1 micron on either side of the Z-line. At 
resting length, each sarcomere (Z to Z) is 
about 2.3 microns long, so the width of the 
H-zone is approximately 0.3 micron. 

Cross-bridges extend between the thick and 
thin filaments. Each thin filament is con- 
nected to each of its 3 neighboring thick 
filaments by a bridge every 400 A along the 
length of the overlap region, giving it a 
total of about 54 bridges at resting length. 
The total number of bridges in 1 ce. of 
muscle is of the order of 5 <X 10'*. It is very 
plausible to suggest that the bridges provide 
a means by which chemical and mechanical 
interaction can take place between the arrays 
of filaments. 

Muscle fibrils can be disintegrated mechan- 
ically in the presence of agents that weaken 
the forces of attachment of the cross-bridges. 
When this is done, the structure breaks down 
into (1) isolated thick (100 A diameter) 
filaments, nearly always 1.5 microns in 
length, showing projections reminiscent of 
the cross-bridges seen in intact muscle; 
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Figure 1 
Low magnification electron micrograph of thicker section of rabbit psoas muscle showing 


a number of myofibrils near the edge of a fiber. A-band dense; I-bands less dense and 
bisected by Z-line. X 27,000. 


(2) isolated thin (50 A diameter) filaments, 
sometimes 1 micron long and sometimes 
broken into smaller lengths; 
(3) groups of thin filaments still joined 
onto a Z-line, forming an ‘‘I-segment’’ 
about 2.0 microns in length; and (4) ocea- 
sional groups of thin and thick filaments 
lying side by side and seemingly joined 
together by cross-bridges. These various 
structures are illustrated in figures 3, 4. 
and 5; their appearance provides a new 
form of confirmation of our previous con- 


apparently 
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clusions. They also provide a new type of 
experimental material, both for electron mi- 
croscopy and perhaps for biochemical studies 
also. 

Now let us consider the composition of 
the filaments. At present there are very 
strong reasons for believing that the thick 
filaments contain all the protein myosin 
that is present in the muscle, while the second 
principal structural protein, actin, occurs in 
the thin filaments. Solutions known to dis- 
solve out myosin from the muscle selectively 
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High magnification picture of thin section of rabbit psoas muscle showing arrangement 


of thick and thin filaments. X 150,000. 


will dissolve out the thick filaments,) 2 leav- 
ing the array of thin filaments behind, a 
process that can be observed in the ‘light 
microscope as the disappearance of the dense 
A-bands. Subsequent extraction of actin 
dissolves away most of the material of the 
thin filaments. These observations have been 
put on a quantitative basis by the use of 
the interference microscope.*-* The amount 
of material in the A-bands, arising from the 
presence of the thick filaments, very closely 
approximates the amount of myosin present, 
and the amount of material removed from the 
A-bands is quantitatively equal to the amount 
of myosin that could be extracted from the 
same type of preparation by large-scale bio- 
chemical technics. More recently, Perry and 
Corsi® have shown that the selective removal 
of actin and tropomyosin removes the I-band 
material, leaving the A-bands (and all the 
ATPase activity and hence presumably the 
myosin) intact. 

The changes that take place in this 


structure during changes in the length of 
the muscle can be investigated by light- 
microscope observations as changes in band- 
pattern. These show®* that during stretch 
and during shortening, active or passive, 
the two sets of filaments slide past each 
other, there being no substantial overall 
change in the length of any of the filaments 
until it is brought about by steric factors 
in more pronounced degrees of shortening 
(e.g., When sarcomere length decreases below 
the length of the A-bands). When the actin 
filaments have come together in the center 
of the sarcomere, further shortening seems 
to cause them to slide past each other, giving 
the double overlap effect illustrated in 
figure 6. 

These observations, and others, lead us to 
think that the system must function in the 
following way. In the resting state, the 
cross-bridges, which are projecting parts of 
the myosin filaments, do not attach to the 
actin filaments, which are therefore free to 


Circulation, Volume XXIV, August 1961 





































slide past them easily. This accounts for 
the high extensibility and relative plasticity 
of resting muscle. When the muscle is active, 
the cross-bridges can attach to specific sites 
on the actin filaments for a brief period of 
time, during which a relative force and, if 
the muscle is allowed to shorten, a relative 
movement are generated between the 2 
types of filament, in some way at present 
unknown. The bridge then detaches and is 
free to form another attachment further 
along the actin filament if movement has 
taken place. Each bridge will perform a 
number of such cycles while the muscle is 
active (about 5 during a single twitch), the 
energy required for the process being lib- 
erated by the splitting of the substrate 
(probably ATP) by the ATPase of the 
myosin. When activity is over, the bridges 
cease to attach to the actin, enzyme activity 
comes to an end, and the muscle returns to 
the resting, relaxed state. When the muscle 
passes into rigor (a condition characterized 
by the absence of ATP), the cross-bridges 
become permanently attached to the actin 
filaments and the muscle is rigid and inex- 
tensible, for the filaments are not able to slide 
past each other. 


Important Features of the Model 

Reviews of the large amount of biochem- 
ical and physiologic data available concern- 
ing striated muscle and the structural model 
that has been described have already been 
published in extenso.** 1° Here we will 
mention briefly only 3 particular points 
that seem worth while to emphasize. 

1. The system can develop a range of 
different tensions depending upon the num- 
ber of cross-bridges that are active simul- 
taneously. For a given load, the system 
shortens with a particular velocity of short- 
ening (rather than, say, a particular accel- 
eration), such that the number of bridges 
actively developing tension is just sufficient 
to bear the load. The rate-limiting factor in 
the system is the rate at which unattached 
bridges can become attached again and 
develop tension; as a given active site on the 
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Isolated thick filaments, 1.5 in length, prepared 
by blending glycerinated muscle in the presence 
of a relaxing agent (EDTA + ATP). Speci- 
men prepared for electron microscopy by negative 
staining technic. X 30,000. 


actin moves past the bridge, there is a certain 
length of time available for this process to 
take place: the faster the movement, the less 
the chance of attachment to a particular 
site, and the lower the tension at any given 
moment of time. Thus, when shortening 
under a particular load, the system will 
settle down to an equilibrium velocity at 
which the rate of formation of new links 
is just equal to the rate of opening of 
formed links that have already exerted their 
pull on the actin filament. 

2. Energy release by the enzyme site is 
activated by the attachment of the cross- 
bridges to the actin filament. Thus the 
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Figure 4 


Isolated I-segment (array of thin filaments) prepared as in figure 3. X 60,000. 


number of fully active sites is controlled by 
the tension in the muscle, and the rate at 
which those sites repeat their cycles of 
activity is controlled by the velocity of 
shortening. The system therefore has the 
possibility of behaving economically, i.e., 
releasing more energy for a given distance 
of shortening when it is shortening against 
a larger load. This is a very important 
feature of the behavior of real muscles. One 
can see in a general way how such a system 
might give rise to the type of behavior 
characterized by the Hill equation: 
(P+a)V = (P)—- P)b 

where P = actual load; Py = isometric 
tension; V = velocity of shortening; a = 
constant (heat of shortening) ; and b = con- 
stant. The left side of this equation gives 
us the total rate of energy release required 
to do external work and produce shortening 
heat (assuming that maintenance heat can 


be accounted for separately). The right side 
contains the term (P» — P), which is pro- 





portional to the number of unattached 
bridges. If the attachment of such bridges 
is the rate-limiting step, as we have assumed, 
then the model could quite naturally give 
rise to this equation. A more elegant and 
complete account of the mechanical and 
thermal properties of striated muscle in 
terms of a particular version of the sliding 
filament model has been given by A. F. 
Huxley.® 

3. It is not necessary to postulate that each 
cross-bridge generates a pull over a distance 
comparable to that separating successive 
cross-bridges between a given pair of thick 
and thin filaments, or between successive 
active sites on the actin filaments. All that 
is necessary is that the actin filament shall 
be drawn along such a distance between 2 
successive operations of a given cross-bridge, 
and this movement can equally well be 
achieved by small movements—say of 5 A- 
produced successively at 10 other cross- 
bridges. As any given actin filament has 
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about 54 bridges directed toward it in each 
half of the A-band, this can be achieved quite 
easily, still leaving the possibility for up to 
5) bridges to be acting in parallel at any 
given moment, to permit the variation in 
tension and rate of energy release with 
velocity of shortening that we have already 
described. 


Special Features of Cardiac Muscle 

Although the essential features of the 
contractile structure and its behavior appear 
to be the same in cardiae and skeletal muscles, 
there are a few points at which differences 
occur that may be significant. Probably the 
most obvious one is the presence of very 
large numbers of mitochondria in cardiac 
muscles, as compared to skeletal muscle, no 
doubt associated with the ability of the heart 
to function continuously over very long 
periods of time without intervals for recov- 
ery. 

The second feature is the comparatively 
small diameter of heart-musele fibers (as 
small as a few microns) compared with those 
of skeletal muscle, which are most commonly 
50 to 100 microns in diameter. The latter 
are usually provided with quite an abundant 
reticulum, i.e., a system of internal mem- 
branes in each fiber, and these are believed 
to be concerned in relaying the signal for 
contraction into the interior. Such a reticu- 
lum is either very sparse or seemingly absent 
in many of the heart-muscle preparations 
that have been examined, a point of differ- 
ence that, in view of the apparently different 
membrane properties of cardiac muscle, 
deserves further study. 

Another rather puzzling feature of cardiac 
muscle is the relatively low tension per unit 
area which it will develop, only about 
one-tenth that of skeletal muscle according 
to 2 recent studies.’ '* Some of the differ- 
ence may be accounted for by the greater 
fraction of the cross-sectional area occupied 
by mitochondria in the cardiac muscle—per- 
haps a factor of 2 difference might occur for 
this reason—but a large factor still remains, 
and there is no obvious reason from the 
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Figure 5 


Isolated group of thin and thick filaments, pre- 
pared as in figure 3, negatively stained. X 300,000. 


visible structure to account for it. It may, 
of course, result from different enzymatic 
properties of cardiac actomyosin. This is a 
difficult hypothesis to investigate, as the 
enzymatic properties of all actomyosins 
seem to be rather low in comparison with 
what one would anticipate from the maximum 
energy output of the muscles from which 
they were obtained. 
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Heavily contracted muscle, showing double overlap of thin filaments. X 150,000. 


A fourth feature of cardiac muscle that 
distinguishes it from skeletal muscle is the 
nature of the active isometric length-tension 
curve, i.e., that showing the increase in 
tension over resting tension when the muscle 
is active. In skeletal muscle, this curve 
exhibits a maximum around resting length 
(which lies very close to the greatest length 
at which the muscle develops zero resting 
tension). As the length of the muscle is 
increased beyond resting length, the active 
tension decreases, an effect that has been 
explained by Huxley and Niedergerke® as 
resulting from the decreased length of the 
region in which actin and myosin filaments 
overlap and can form cross-links with each 
other. The factors that cause the tension to 
decrease below resting length are unknown. 
In cardiac muscle, however, the active tension 
increases as the length of the muscle is 
increased beyond resting length as defined 


above, and reaches a peak only after a 
stretch of about 30 per cent.’ This effect 
might be explained if the sarcomeres of 
cardiac muscle at resting length resembled, 
either in the extent of overlap or in the 
factors that produce the decrease in tension 
at length below rest length, those of skeletal 
muscle that had shortened by about 25 per 
cent. 
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The Sarcoplasmic Reticulum of 
Skeletal and Cardiac Muscle 


By Don W. Fawcett, M.D. 


This paper traces the development of our present concept, of the structural organization 
of the sarcoplasmic reticulum in striated muscle and reviews the physiologic evidence for 
its participation in intracellular impulse conduction. Comparative observations are presented 
showing that this system of membrane-limited tubules is particularly well developed in 
exceptionally fast-acting skeletal muscles. These findings are interpreted as evidence sup- 
porting the hypothesis that the reticulum is involved in the coupling of excitation to 
contraction, but it is considered likely that it also has other important functions in muscle 
metabolism. The sarcoplasmic reticulum of cardiac muscle is found to be much _ less 
extensive and less precisely arranged in relation to the cross-banded pattern of the myofibrils, 
than it is in skeletal muscle. It is believed, nevertheless, that it may prove to have a 
significant role in the physiology of the myocardium. 


gem THE MOST SIGNIFICANT re- 
eent morphologic contributions to our 
understanding of muscle have been the demon- 
stration by Huxley and Hanson! that the actin 
and myosin of the myofibrils form two distinct 
sets of interdigitating filaments, and the de- 
scription by Bennett? and Porter and Palade* 
of the sarcoplasmic reticulum, a submicro- 
scopic plexiform system of membrane-bounded 
tubules that occupies the interfibrillar spaces 
throughout the muscle fiber. The first of these 
discoveries has formed the basis for a new, 
and now widely accepted, sliding-filament 
theory of muscle contraction, and the second 
has defined a new organelle in the sarcoplasm 
that may play an important role in the cou- 
pling of excitation to contraction. 

We propose to review the evidence for the 
eurrent belief that the sarcoplasmic reticulum 
may be involved in intracellular impulse con- 
duction and then to present some comparative 
observations on the organization of this system 
of membranes in certain examples of skeletal 
and cardiac muscle that have unusual physio- 
logic properties. 
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Historical Considerations 

Delicate intracellular networks surrounding 
the myofibrils were observed over half a cen- 
tury ago by Thin,‘ Retzius,® Veratti,® and a 
few other able cytologists in preparations of 
muscle stained by special metal-impregnation 
methods. However, the membranous nature 
of this system, its continuity throughout the 
sarcoplasm, and its exact relationship to the 
contractile elements could not be fully appre- 
ciated with the light microscope. The reticu- 
lum therefore aroused the interest of very few 
morphologists and was quite unknown to 
physiologists until it was rediscovered a few 
years ago by Bennett and Porter,’ Andersson,*® 
and Porter and Palade* in electron micro- 
graphs of skeletal muscle. 

In these studies, electron micrographs of 
thin sections passing tangential to the myo- 
fibrils often revealed a plexus of smooth-sur- 
faced tubules closely applied to their surface. 
From the examination of large numbers of 
micrographs of Amblystoma muscle, Porter 
and Palade arrived at an interpretation of the 
distribution of the sarcotubules that is pre- 
sented diagrammatically in figure 1A. The 
tubules overlying the A band of each sar- 
comere are predominantly longitudinal in 
their orientation but communicate laterally 
with one another in the region of the H-band. 
At the ends of each sarcomere, the longitudi- 
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Figure 1 


A. Diagrammatic interpretation of the organization of the sarcoplasmic reticulum in 


skeletal muscle of the salamander Amblystoma punctatum. Hach myofibril is surrounded 


by a plexiform system of tubules. The tubules overlying the A-band are predominantly 


longitudinal in their orientation, but communicate freely in the region of the H-band. 
At the ends of each sarcomere the longitudinal tubules of the reticulum are confluent 
with dilated transverse channels called terminal cisternae. The complex oriented trans- 
versely at the Z-band, consisting of 2 terminal cisternae and an intermediate row of 


small vesicles or short tubules, is referred to as a triad. B. Diagram of the sarcoplasmic 
reticulum of rat cardiac muscle. The loose network of sarcotubes shows less regional 
differentiation in relation to the cross-banded pattern of the myofibrils. The terminal 
cisternae are small and typical triads are uncommon. (From Bennett, H. S.: In Muscle. 
vol. 1. New York, Academic Press Inc. Redrawn from Porter and Palade.’ ) 


nal meshes of the reticylum are confluent with 
dilated, transverse channels called ‘‘terminal 
cisternae.’’ The terminal cisternae of suc- 
cessive segmental units of the reticulum are 
situated on either side of the Z-band, sepa- 
rated by a row of small vesicles. The complex 
consisting of two terminal cisternae and the 
intermediate row of vesicles is referred to as 
a ‘‘triad’’ of the reticulum. In Amblystoma 
muscle these are oriented transversely or cir- 
cumferentially with respect to each myofibril 
and are located on either side of the Z-line. 
This system of sarcoplasmic tubules was 
interpreted by Porter and Palade as a special 
form of the endoplasmic reticulum, an organ- 
elle that they had described earlier in a wide 
variety of other cell types. In muscle, how- 
ever, the reticulum lacked the ribonucleopro- 
tein particles or ribosomes commonly associ- 
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ated with it in glandular cells and it was dis- 
tributed in a very precise relation to the 
cross-banded structure of the myofibrils. This 
organization suggested to several investiga- 
tors? 3}8 that the reticulum might have a 
special role in muscular contraction, possibly 
providing pathways for preferential diffusion 
of metabolites or intracellular spread of exci- 
tation. 

Physiologic evidence tending to support 
this latter speculation was soon provided by 
the ingenious experiments of Andrew Huxley 
and Taylor.® These investigators were con- 
cerned with the intracellular mechanisms 
whereby contraction of myofibrils deep in the 
interior of the muscle fiber is coupled to ex- 
citation of the surface membrane. In 1948, 
A. V. Hill’? had coneluded, from considera- 
tion of the rates and distances involved, that 
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A. with microelectrode applied to 
Q sensitive spot on the sarcolemma 
opposite the I band 
local contraction 





C. with microelectrode applied opposite 
the A band no sensitive spots were found 


the latency of response in skeletal muscle is 
much too short to be accounted for by the 
inward diffusion of a hypothetical activating 
substance from the sarcolemma to the con- 
tractile elements. Approaching this problem 
with new methods, Huxley and Taylor ap- 
plied a microelectrode to different points on 
the sarcolemma of single frog muscle fibers 
under direct observation with an interference 
microscope (fig. 2). When the tip of the mi- 
cropipette was over the I-band (fig. 2A), 
passage of current was often followed by con- 
traction of the adjacent half-sarcomeres (fig. 
2B), but no response was obtained when the 
stimulus was applied over the A-band (figs. 
2, C and D). These results suggested that 
some structural component located in the I- 
band was responsible for the inward spread 


of excitation. The possibility that it was the 
Z-band itself was considered, but this had to 
be abandoned when similar experiments on 








B. Same muscle fiber during possage 


of current through electrode The two was responsible for the in- 
adjocent half sarcomeres respond by ‘ 
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Figure 2 
Diagrammatic representation 
of the experiments that sug- 
gested that some structural 
component located at the I- 
band of frog skeletal muscle 


ward spread of excitation. 
Stimulation with the micro- 
electrode over the I-band of- 
ten resulted in contraction of 
the adjacent half sarcomeres, 
whereas no contraction re- 
sulted from stimulation at the 
A-band. (Drawing based on 
illustrations in the paper by 
Hualey and Taylor.’ ) 


D. Stimulation produced no local contraction. 


lizard muscle showed that the sensitive spots 
on the sarcolemma in this species were not 
at the level of the Z-band but over the A-band, 
near the A-I junction. Electron microscopic 
studies on the muscles of these two species 
revealed that the triads of the sarcoplasmic 
reticulum are situated at the Z-band in frog 
muscle but at the A-I junction in lizard mus- 
cle. The close correspondence between the 
position of the triads in the reticulum and 
the level in the sarcomere of spots sensitive 
to direct stimulation with a microelectrode 
strongly suggested that the impulse might be 
conducted inward by the membranes of the 
sarcoplasmic reticulum. This, then, is the 
historical background from which our own in- 
terest in the sarcoplasmic reticulum developed. 


The Sarcoplasmic Reticulum of 
Fast-Acting Skeletal Muscles 
If the sarcoplasmic reticulum is involved 
in the coupling of excitation to contraction, 
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Figure 3 


Longitudinal section of the sound-producing muscle in the swimbladder of the toadfish, 
Opsanus tau. In this unusually fast-acting muscle, the sarcoplasmic reticulum is ex- 


ceptionally well-developed. There are 2 


triads to each sarcomere length located over 


the A-band near the A-I junctions. Longitudinal tubules extend in either direction from 
each triad toward the H- and toward the Z-band respectively. The longitudinal elements 
of the reticulum are continuous over the H-band but often appear to be interrupted at the 
Z-band (see at arrows). (Electron micrograph by Dr. J. P. Revel.) 


one might expect to find differences in its or- 
ganization or its degree of development in 
muscles having different speeds of contraction. 
With this in mind, Dr. Jean Paul Revel and 
I have studied the reticulum of some partic- 
ularly fast-acting muscles. 

The first of these is a muscle that forms an 
equatorial band around the swim bladder of 
the common toadfish, Opsanus tau. Rapid 
contractions of this muscle set up vibrations 
in the taut gas-filled bladder that produce 
the audible sounds made by these fish when 
they are courting or when otherwise disturbed. 
This muscle is said to attain its peak contrac- 
tion in only 5 to 8 msec.'! and requires some 
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300 stimuli per second to tetanize.1* Since 
the fine structure of this muscle has been de- 
scribed in detail in a separate publication,’ 
only a brief account of its salient features will 
be presented here. The fibers are of large 
diameter. Their myofibrils are flat ribbon-like 
structures arranged radially around a central 
core of sarcoplasm to form a thick-walled con- 
tractile cylinder. Mitochondria are seldom 
found between the myofibrils. Instead, they 
are located either in the core of the contractile 
eylinder or in the superficial layer of sarco- 
plasm around its periphery. The narrow 
clefts between the broad faces of the myo- 
fibrils are occupied by a highly developed 
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Figure 4 


Electron micrograph of a thin section passing through toadfish muscle, parallel to the 
broad face of a myofibril. The triads are seen running across the myofilaments parallel 
to each other and to the Z-band. Crowding and superimposition tend to obscure the 
plexiform nature of the reticulum between the successive triads. The middle element 


of the triad, which appears here as a row of small vesicles, is actually a continuous 


slender tubule. 


sarcoplasmic reticulum. The ribbon-like myo- 
fibrils present their narrowest dimension in a 
longitudinal section through the wall of the 
contractile cylinder (fig. 3). There is a long 
A-band and a rather short I-band, and these 
are precisely aligned across the entire width 
of the fiber. The reticulum in the interfibrillar 
clefts is extremely regular in its organization 
and shows two triads in each sarcomere length. 
These are invariably located near the A-I 
junctions where the two interdigitating sets 
of filaments described by Hugh Huxley" are 
presumed to slide with respect to one another 
during muscular contraction. The triads run 
transversely across the broad face of the myo- 
fibrils and radially with respect to the con- 
tractile cylinder as a whole. Thus in most 
longitudinal sections of the muscle fibers the 
triads are seen in cross section (fig. 3). Each 


consists of a slender intermediate tube, ap- 
proximately 30 my in diameter, flanked by 
two larger cisternae about 110 my across. 
The longitudinal tubules connecting succes- 
sive triads run parallel to the myofibrils and 
anastomose freely to form reticula in two or 
more layers that are closely applied to the 
surfaces of the adjacent contractile elements. 

Sections passing through the interfibrillar 
clefts, in which the triads are cut longitudinal- 
ly as they traverse the broad face of the under- 
lying myofibril, provide a more extensive view 
of the reticulum (fig. 4).) In this view, the 
intermediate element often appears as a row 
of vesicles, but in the best preserved speci- 
mens it seems to be a continuous tubule. In 
the intervals between triads, the plexiform 
nature of the longitudinal elements of the re- 
ticulum is often obscured by superimposition 
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Figure 5 
An electron micrograph of a section passing tangential to a myofibril in the cricothyroid 
muscle of the bat, Myotis lucifugus. In this fast-acting mammalian muscle too, the sarco- 
plasmic reticulum is far more elaborately developed than in slower muscles. The triads 
are located at the A-I junctions and the longitudinal sarcotubules seem to be continuous 
across the Z-band as well as across the H-band. (Micrograph by Dr. J. P. Revel.) 


of more than one layer of sarcotubes, so that 
it is difficult to ascertain whether the reticu- 
lum is continuous from sarcomere to sar- 
comere across the Z-band or only between 
triads within the same sarcomere. At the 
outer margin of the contractile cylinder the 
cisternal elements of the triad narrow abrupt- 
ly and follow a sinuous course among the mito- 
chondria in the peripheral layer of sarco- 
plasm. Some of them can be followed to the 
sarcolemma. It is assumed that such points 
of contact of the reticulum with the surface 
membrane may correspond to the sensitive 
points found in frog and lizard muscle with 
the searching microelectrode in Huxley and 
Taylor’s experiments. 

Seeking a fast-acting mammalian muscle 
for study, Dr. Revel, in our laboratory, has 
examined the cricothyroid muscle of the bat.!° 
Physiologic measurements of the time course 
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of contraction in this muscle have not been 
made, but one can infer from its normal fune- 
tion that it is very fast. In its sonic naviga- 
tion, the bat uses pulses of supersonic sound 
of the order of 5 to 10 msec. in duration and 
within this brief period it is capable of mod- 
ulating the frequency over a considerable 
range. To accomplish this, the cricothyroid 
must be able to change its state of contraction 
very rapidly. When examined in electron 
micrographs of low magnification, the appear- 
ance of this muscle does not differ greatly 
from other mammalian muscles. The mito- 
chondria are numerous and arranged in rows 
between myofibrils of the usual rounded or 
polygonal cross-sectional shape. At higher 
magnification, it is evident that the sarco- 
plasmic reticulum is exceptionally well de- 
veloped (fig. 5). The transverse triads near 
the A-I junctions appear to encircle the myo- 
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Figure 6 


Longitudinal section of a peripheral portion of a cardiac muscle fiber from the bat heart. 
Many large mitochondria (MT) are located immediately beneath the sarcolemma (Scl) 
and between the myofibrils (MB). Numerous lipid droplets (Lp) among the mitochon- 


dria are evidently used as an energy source. 


At several places indicated by arrows, 


transverse elements of the sarcoplasmic reticulum corresponding to the triads of skeletal 
muscle are seen between the mitochondria at the level of the Z-band. 


fibril completely and are, no doubt, continuous 
with the triads of adjacent myofibrils. Their 
cisternae are more slender than those of the 
fish muscle described earlier, and the inter- 
mediate element more commonly appears to 
be a narrow continuous tube. The longitudinal 
sarcotubules of the reticulum are also of 
smaller and more uniform caliber and they 
seem clearly to be continuous from sarcomere 
to sarcomere across the Z-band. Occasionally 
there is a partial reduplication of a ‘‘triad’’ 
resulting in a ‘‘pentad’’ consisting of 3 cis- 
ternae and 2 slender intermediate tubules. 
The finding of an unusually extensive and 
highly ordered sarcoplasmic reticulum in these 


2 exceptionally fast-acting skeletal muscles 
is consistent with the hypothesis’® that this 





system of membrane-bounded channels is in- 
volved in intracellular conduction of the im- 
pulse that activates the myofibrils. 


Sarcoplasmic Reticulum of Cardiac Muscle 

Several considerations would lead one to 
expect that the sarcoplasmic reticulum might 
be less well developed in cardiac than in skel- 
etal muscle. Some of these are: the smaller 
fiber diameter; the central position of the 
nucleus, which brings the contractile elements 
nearer to the surface; the myogenic nature of 
the contraction ; the presence, at frequent in- 
tervals along the cardiac muscle fibers, of spe- 
calized cell-to-cell junctions (intercalated 
dises) that may offer pathways of inward 
conduction from the sarcolemma, not present 
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Figure 7 


Another longitudinal section of the interior of a cardiac muscle fiber from the bat heart 
showing contracted myofibrils alternating with rows of mitochondria, each about the 
length of one shortened sarcomere. Again the arrows point out transverse elements of 
the reticulum located at the Z-band instead of at the A-I junction, which is the usual 
location of the triads in mammalian skeletal muscle. 


in the syncytial fibers of skeletal muscle; and 
finally the slower rate of contraction of heart 
muscle. Nevertheless, there is sufficient cor- 
relation between the rate of heart beat in 
various animal species and the degree of de- 
velopment of the sarcoplasmic reticulum to 
suggest that this system has a significant 
function in cardiac as well as in skeletal mus- 
cle. In a previous study of the fine structure 
of the turtle atrium,’ the reticulum was 
found to be rudimentary. Evidently it is 
not essential in the slow-beating heart of this 
cold-blooded species. In the rat, which has a 
rather rapid heart rate, Porter and .Palade* 
found a loose network of sarecotubes with rela- 
tively little differentiation in relation to the 
eross-banded pattern of the myofibrils (fig. 
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1B). Although small terminal cisternae were 
identifiable on either side of the Z-band, these 
did not form typical triads nor did they ex- 
tend laterally for any considerable distance. 

We have recently studied the myocardium 
of the bat, Myotis lucifugus. These small 
mammals normally have a heart rate of the 
order of 500 to 600 per minute but, under 
some physiologic conditions, it may reach as 
high as 1,000 per minute. Electron micro- 
graphs of longitudinal sections reveal an ex- 
traordinary number of large mitochondria of 
complex internal structure located in the 
clefts between myofibrils, at the poles of the 
centrally placed nucleus, and immedately be- 
neath the sarcolemma. 

The mitochondria are often about the length 
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Figure 8 


A low power electron micrograph of portions of 4 cardiac muscle fibers of the bat 
in transverse section. Observe the centrally placed nucleus (Nel) and the fact that the 


large dense mitochondria occupy fully half the cross-sectional area of the fiber. The 
clear areas that appear to be holes in the section are in fact lipid droplets whose content 
has been largely extracted during specimen preparation. The area enclosed in rectangle A 


is shown at higher magnification in figure 9 and that in rectangle B constitutes figure 10. 


of a sarcomere. The periphery of a partially 
contracted fiber frequently shows a character- 
istic scalloped or corrugated appearance ow- 
ing to the fact that the sarcolemma is closely 
adherent to each Z-band of the outermost myo- 
fibrils but is separated from the myofibrils else- 
where by mitochondria. The mitochondria im- 
mediately beneath the sarcolemma would thus 
seem to be confined within relatively stable 
compartments, bounded by the lines of adhe- 
sion of the sarcolemma to the Z-band of suc- 
cessive sarcomeres (fig. 6). The structural 
basis for this close binding of the surface 
membrane to the Z-band is not clear from 
the micrographs. Numerous lipid droplets are 


interspersed among the mitochondria that are 





more deeply situated in the fibers (fig. 6) and 
are evidently an important energy source in 
the rapidly beating hearts of this and other 
small mammals. Since bats hibernate, it would 
be of interest to know whether there are sea- 
sonal variations in the abundance of the myo- 
cardial lipid, but, thus far, our studies do not 
extend over a large enough span of time to 
throw any light on this subject. 

Also located between the ends of the mito- 
chondria at the level of the Z-band are trans- 
versely oriented tubular elements of the sar- 
coplasmic reticulum, indicated by arrows on 
figures 6 and 7. These evidently correspond 
to the triads of the reticulum of skeletal mus- 
cle but tend to be single or at most double and 
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are placed at the Z-band instead of in the 
A-band near the A-I junction. One tends to 
underestimate the extent of the sarcoplasmic 
reticulum in eardiae muscle because of the 
peculiar geometry of its myofibrils. They are 
not discrete fibrils uniformly round or poly- 
gonal in cross section, as in skeletal muscle, 
but instead exhibit a greater degree of con- 
fluence and branching so that, in transverse 
sections, the size of the myofibrils is variable 
and their shape highly irregular. In con- 
sequence of the inconsistency of their tridi- 
mensional form and the prevalence of curving 
surfaces, one rarely encounters such extended 
surface views of the sarcoplasmic reticulum 
in longitudinal sections as one sees overlying 
the more regular faces of the myofibrils in 
skeletal muscle. It is necessary therefore to 
rely mainly on cross sections in attempting 
to construct a mental image of the 3-dimen- 
sional organization of the reticulum. 

In transverse sections of bat heart muscle 
viewed at low magnification (fig. 8), one is 
struck by the irregular shape of the myofibrils 
around the centrally placed nucleus and by 
the great number of large mitochondria that 
take up nearly half of the cross-sectional area 
of the fiber and occupy nearly all of the inter- 
fibrillar sarcoplasm. In micrographs of higher 
magnification (figs. 9 and 10) the mitochon- 
dria are found to conform very closely to the 
irregular contours of the surrounding myo- 
fibrils; however, in the narrow interstices be- 
tween the two, there are numerous circular 
profiles, 400 to 500 A in diameter (see at 
arrows), which are cross sections of the longi- 
tudinally oriented tubules of the sarcoplasmic 
reticulum. Owing to the paucity of inter- 
fibrillar sarcoplasm, these profiles are easily 
overlooked in low-power micrographs but, 
from the large numbers visible in micro- 
graphs of higher magnification, it is clear 
that the sarcoplasmic reticulum is quite well 
developed in cardiac muscle of this animal 
species. 

To what extent is this tubular system de- 
veloped in the human heart? Although there 
have been several brief reports on the fine 
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structure of the human myocardium,!* none 
has devoted particular attention to the sarco- 
plasmic reticulum. Our own studies on man 
are as yet too fragmentary to permit us to 
do more than to affirm its presence and to 
record some preliminary impressions on the 
degree of its development as compared to 
other animal species. 

In electron micrographs of human atrial 
muscle, the myofibrils show the same orderly 
arrangement of two interdigitating sets of 
filaments that has been described in other 
striated muscles (fig. 11). The myofibrils 
vary considerably in size and in cross-sectional 
shape but are, on the whole, less pleomorphic 
than those described here for the bat. The 
mitochondria, which have a dense matrix and 
a complex internal membrane structure, are 
numerous and are distributed singly or in 
sizeable clusters among the myofibrils. The 
interfibrillar sarcoplasm is more abundant 
than in the bat myocardium. The mitochon- 
dria, being less crowded, show less tendency 
to adopt unusual shapes conforming to the 
spaces between the myofibrils. Among the 
mitochondria and in the clefts between ad- 
jacent myofibrils are tubular elements of a 
sparee sarcoplasmic reticulum (see arrows, 
fig. 11). Definite triads have not been iden- 
tified at the level of the Z-bands in our ma- 
terial, nor have any clear connections been 
demonstrated between the loose meshes of 
the reticulum and the sarcolemma. Although 
it is probably basically similar in its distribu- 
tion and organization, the reticulum in the 
human myocardium is evidently far less elab- 
orately developed than is that of smaller mam- 
mals with a more rapid heart beat. 


Comment 

The history of the discovery of the sarco- 
plasmic reticulum of striated muscle has been 
traced and the physiologic evidence for its 
participation in intracellular impulse con- 
duction has been reviewed. Our own com- 
parative observations indicate that this sys- 
tem of membrane-limited tubules is particu- 
larly well developed in certain exceptionally 
fast-acting skeletal muscles. These findings 
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Figure 11 


An electron micrograph of a small area at the periphery of a human cardiac muscle 

| fiber. The sarcolemma (Scl) is at the top of the figure and shows the usual coating of 
basement-membrane material. The mitochondria (Mt) are fairly large and rich in 
internal structure. The myofibrils (Mf) show the usual precise hexagonal pattern of 
myofilaments. The sarcoplasmic reticulum is less well developed than in the hearts of 
small mammals with rapid heart beats, but several profiles of sarcotubules in cross section 
can be seen between the myofibrils in this figure (see at arrows). 


are offered as further indirect evidence for 
the hypothesis that the reticulum is involved 
in the coupling of excitation to contraction. 
It is recognized, however, that this canalicular 
system may function in other ways besides 
the conduction of an impulse by its limiting 
membrane. It may prove to be important in 


the synthetic activities of the muscle cell, or 
its lumen may provide a continuous pathway 
for distribution of energy-rich compounds or 
other essential metabolites to the myofibrils. 

The sarcoplasmic reticulum has been shown 
to be less highly developed in cardiac than 
in skeletal muscle but it is so organized in 


Figures 9 and 10 
Higher magnification electron micrographs of two small areas of the cardiac muscle 
fiber shown in figure 8. The myofibrils (Mf) are highly irregular in shape and their 
surface closely conforms to the shape of the mitochondria (MT), which occupy nearly 
all of the interfibrillar sarcoplasm. Between the myofibrils and the mitochondria are 
numerous small profiles of membrane-bounded tubules in cross section (see at arrows). 
These are the longitudinal components of the sarcoplasmic reticulum. 
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relation to the cross-banded pattern of the 
myofibrils as to suggest that it may have a 
The reticulum is 
rudimentary in the slow-beating heart of the 
turtle but reaches a rather high degree of com- 
plexity in the very rapidly beating heart of 


similar function in both. 


the bat. The reticulum of the human myo- 
cardium has not been adequately studied but 
appears to be intermediate between these ex- 
It is not possible now to state how 
important a role the sarcoplasmic reticulum 
plays in the physiology of the human heart, 
but new findings in research often turn out to 
have far more significance than at first seems 
likely. It may not be too fanciful to imagine 
that a few decades hence the cardiologist may 
be concerned with functional disturbances 
of this intracellular communication system 
just as he is concerned today with defects of 


tremes. 


conduction at a grosser tissue level. 
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The Structure of the Specialized Impulse-Conducting 
System of the Steer Heart 


By Jouannes A. G. Ruoptn, M.D., PeTer peu Misster, M.D., 
AND L. Corsan Ret, M.D. 


The specialized impulse-originating and -conducting system of the steer heart has been 
analyzed with the light, phase contrast, and electron microscopes after careful dissection 
of its gross anatomie parts. The specific tissue is composed of cells with distinct cell 
boundaries. No syncytium exists. The cells of the sino-atrial (S-A) and atrioventricular (A-V) 
nodes closely resemble those of the common myocardium. They connect end to end via 
intercalated disks, most of which represent the starting point and termination of numerous 
myofibrils. The cells of the bundle of His and its distal branches are large and _ spindle- 


shaped and joined in a staggered fashion. 
The cell contact is established by numerous 


They display a fair number of myofibrils. 
desmosomes that only rarely connect with 


myofibrils. It is believed that the multiple desmosome type of connection, present in most 
parts of the specific tissue of the steer heart, indicates that this tissue has maintained 
its embryologiec appearance, to a large extent. The role of the desmosomes in facilitating 
the propagation of the impulse throughout the specifie tissue is diseussed. 


T SEEMS APPROPRIATE to discuss the 
I structure of the specialized conducting 
system of the heart at a symposium on the 
myocardium. Without this tissue, the stimu- 
lus for the contraction of the common myo- 
cardium would hardly ever be originated. 
Thus, it is to be expected that certain unique 
peculiarities will characterize the cells of the 
specialized conducting system. An account 
of their ultrastructure will be given here in 
the hope that this will explain, among other 
features of this tissue, its ability to transmit 
the impulse of contraction so much faster than 
the cells of the common myocardium. 

Although the most fundamental mechanism 
of this system is the origination of an impulse, 
there has been a long-lasting controversy re- 
garding its existence as a specific tissue in 
the heart.1}* This is due principally to its 
great variation in style and structure through- 
out the animal kingdom, including mammals. 
At present this controversy is settled and the 
existence of a specific tissue in man,* 4 
sheep,® ® and steer? is structurally and fune- 
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tionally beyond any doubt. In the reader’s 
own mind, however, it may not be quite clear 
whether or not the specific tissue is muscular 
or nervous. Here, new technics such as phase- 
contrast and electron microscopy have been 
most helpful in demonstrating that the so- 
ealled conducting system is a true contractile 
muscular tissue. 


Material and Methods 


The material used in this study has been ex- 
clusively the specific tissue of the steer heart. The 
hearts were obtained and dissected in the slaughter 
house within 15 minutes of the animal being killed. 
Osmium tetroxide was used as a fixative’: ® 1° and 
liquid plastic as an embedding medium?! for 
specimens prepared for electron microscopy. Thick 
sections for phase-contrast microscopy and thin 
sections for electron microscopy were cut with the 
LKB Ultrotome.!? The Siemens Elmiskop I elec- 
tron microscope was employed. 


Results 

Anatomy of the Conducting System 

The S-A node is regarded as the pacemaker, 
often called the node of Keith-Flack. In man, 
as well as in the steer, there is no direct con- 
tinuity via specific tissue between the cells 
of the S-A node and the A-V node, of which 
the latter forms the beginning of the ventric- 
ular part of the conducting system. In the 
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steer,’ the A-V node or node of Tawara is 
quite large and diamond-shaped (fig. 1). The 
A-V node is followed directly by the A-V 
bundle also called the ‘ 
the ‘‘bundle of His.’’ This structure eventu- 
ally splits up into a left and a right branch, 
each of which in turn gives rise to a network 
of fine ramifications that terminate in direct 
contact with the myocardial fibers. 


‘common bundle’’ or 


Structure of the Common Bundle 
Light Microscopy 

The structure of the common bundle will 
be considered first, for, in the present mate- 
rial, the cells that compose this part of the 
conducting system are easily recognized be- 
cause of their pronounced difference in shape 
and size from those of the common myocardi- 
um, justifying the term ‘‘specific tissue.”’ 
This difference is easily seen even with the 
light microscope (fig. 2). Here, the size of 
the specific-tissue cells can be compared with 
that of the common myocardium. It is ob- 
vious that the cross-section diameter of the 
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BRANCHES 
a, dane Figure 1 

A-V BUNDLE ‘ 

A schematic representation of 
the gross anatomic, histologic, 
and to some extent the ultra- 
structural organization of the 
conducting system of the steer 
heart. The four areas repre- 
sent camera lucida drawings 
at a magnification of about 
130 times. The size of the in- 
tercalated disks and the des- 
mosomes is somewhat exag- 
gerated in order to facilitate 
a comparison of their ultra- 
structure, 


specific cells is at least twice that of the cells 
of the common myocardium. The common 
bundle is rich in connective-tissue elements. 
No true inclosing of connective tissue can be 
identified, as in the sheep heart. The indi- 
vidual fibers of the common bundle are, how- 
ever, sharply delimited from the surrounding 
connective tissue, as seen in cross section in 
the phase-contrast microscope (fig. 3). The 
interior of the fiber is divided by delicate 
lines that give rise to irregularly shaped areas. 
In a longitudinal section of a similar fiber 
(fig. 4), the lines and areas can be recognized. 
Nuclei are present in several areas or fields. 
In addition, there are longitudinally arranged 
fibrils that bear a well-defined cross striation. 
In other words, we are dealing here with a 
conducting fiber that is composed of a number 
of cells put together not only end to end, but 
also side to side in a staggered position be- 
cause of their obvious spindle or multiangular 
shape. Because of the cross-striated appear- 
ance of the cellular fibrils, it is evident that 
the cells represent muscle cells. 
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SPECIALIZED IMPULSE-CONDUCTING SYSTEM 


Electron Microscopy 

The cells of the conducting-system fibers 
are about 100 to 200 microns long in the 
common bundle. In the coarser fibers, 5 to 
7 cells may be seen in a cross section (fig. 3) 
but finer fibers with only two cells also occur 
(fig. 5). The fiber is surrounded by a thin 
basement membrane with a varying number 
of reticular and collagenous fibrils. The base- 
ment membrane does not penetrate between 
the individual cells that build up the fiber. 
The boundaries of cells are difficult to see in 
the low magnification electron micrographs 
(figs. 5 and 6) but their course can easily 
be traced because of the relatively heavy 
accumulation of cross-striated myofibrils along 
their surfaces. Indirectly, the various cell 
territories can be distinguished also by the 
variation in density of the cytoplasm in dif- 
ferent cells (fig. 6). 

The cells of the common bundle have few 
cytoplasmic organelles as compared with the 
cells of the common myocardium. More than 
50 per cent is occupied by what the early 
eytologist would have called ‘‘ground eyto- 
plasm.’’ In the electron micrograph, this 
part of the cytoplasm is characterized by a 
fine granularity, with the granules having an 
average diameter of about 200 A (fig. 7). 
This is close to the diameter of the submicro- 
scopic granules that are abundant in the 
exocrine cells of the pancreas, where they 
have been demonstrated to contain ribonu- 
cleoprotein.!* However, histochemical tech- 
nics have shown that the light microscopi- 
cally ‘‘clear’’ areas of the specific-tissue cells 
do contain glycogen. The fine granularity 
is therefore believed to represent glycogen, 
similar to that which has been demonstrated 
in the myocardium of the turtle atrium.” 

Another submicroscopic component is rep- 
resented by small vesicles of varying size. The 
vesicles have a clear center and are bordered 
by a smooth membrane (fig. 7). They do not 
seem to be derived from the cell membrane, 
and their function is unknown. They may be 
abundant in one cell, and completely absent 
in another (fig. 6), which possibly indicates 
variation in function. 
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Figure 2 


Light micrograph of the common bundle (C) and 
the myocardium (Y). The cells of the common 
bundle are large and pale, whereas those of the 
myocardium are small and dense. (Formalin fixa- 
tion; hematoxylin-eosin stain; X 250.) 


Other cell components that can be seen 
with the aid of the light microscope are 
nuclei, mitochondria, myofibrils, and ocea- 
sional lipid droplets. There is more than one 
nucleus to each cell. The nuclei usually occur 
in pairs and are located in the center of the 
cells of the common bundle. A heavily stained 
nucleolus, which has a loose structure, is 
always present (fig. 6). 

The mitochondria are small and spherical. 
They display the common fine structural 
pattern of a thin triple-layered outer mem- 
brane and several triple-layered inner mem- 
branes (fig. 7). The matrix of each mito- 
chondrion is quite loose in the present 
material. This may indicate less good pres- 
ervation than desired and could depend on 
the relatively long lapse of time between the 
killing of the steer and the moment when 
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Figure 3 


Phase-contrast micrograph of a_ cross-sectioned 
fiber of the common bundle. The fiber is sharply 
delimited toward the surrounding connective tis- 
sue. The lines in the interior of the fiber represent 
cell borders. (Osmium tetroxide fixation; unstain- 
ed plastic section. X 500.) 


these delicate and sensitive organelles were 
impregnated by the slowly penetrating os- 
mium tetroxide. The mitochondria are usu- 
ally found along the cell borders and also 
closely associated with the myofibrils. 

The most prominent components of the 
cells of the common myocardium are the 
myofibrils. They vary greatly in length and 
width (figs. 6 and 7). Most are freely dis- 
persed in the cytoplasm, but some begin and 
terminate at the cell membrane, here in close 
association with the so-called desmosomes. 
This arrangement is, however, much more 
pronounced in the distal branches of the 
conducting system. Only rarely have struc- 
identified that resemble the 
Purkinje filaments demonstrated by Muir in 
the sheep heart.® 


tures been 
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Each myofibril shows the fine structure 
(fig. 7) that has been described in both the 
skeletal’: 1® 17 and the heart muscle.'*: 18 Myo- 
filaments are the main components with the 
traditional thickenings associated with the 
various bands (see Huxley in this sympo- 
sium). The Z-bands are of particular interest 
in the myofibrils of the specific-tissue cells. In 
the cells of the common myocardium and the 
skeletal muscle, this structure is known to 
be composed of split myofilaments, embedded 
in an amorphous, electron-dense substance. 
In the present material, it has been found 
that every now and then the dense amorphous 
substance extends beyond the territory of 
the myofibril and establishes a direct continu- 
ation with a similar dense amorphous band 
that in some instances accompanies the cell 
borders at a distance (fig. 7). In order to 
understand this relationship fully it will be 
necessary to develop the concept of an inter- 
cellular relationship in the common bundle. 

The cell border follows an irregular and 
wavy course (figs. 7 and 8). The plasma 
membrane of each cell is quite delicate and 
seems to be thinner than recorded for cells 
elsewhere in the body.'® Two structures are 
associated with it: One is represented by 
the just-mentioned continuous electron-dense 
band, which roughly follows the course of 
the cell border, although some distance re- 
moved. The second structure is closely as- 
sociated with the plasma membrane and is 
attached for short interrupted areas at its 
intracellular aspect. The plasma membrane 
of either specific-tissue cell is about 50 A 
thick, and the intercellular space, charac- 
terized by less electron density, measures 
about the same. As the dense structures asso- 
ciated with the intracellular aspect of either 
plasma membrane are approached, the inter- 
cellular space widens to about 175 A and 
becomes occupied by a dense substance in 
which, possibly, cross striations may be dis- 
tinguished. At higher magnification, another 
membranous layer can be resolved, which is 
embedded in the cytoplasmic dense zone (fig. 
9). This second layer is identical in size with the 
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plasma membrane and also parallel to it. The 
entire structural complex has been analyzed 
and described previously in the ventricles of 
frog, mouse, and guinea-pig hearts!* 7°? in 
the frog heart and papillary muscle of the dog 
heart,”* and in the turtle atrium." Sjéstrand 
and co-workers!’ *°-*? refer to this structure 
as the S-region, whereas the school of Faw- 
cett!* prefers the more commonly accepted 
term ‘‘desmosome.’’ We should like to use 
the term ‘‘desmosome’’ for this structure in 
the common bundle of the steer heart because 
it closely resembles the desmosomes seen in a 
variety of epithelial cells, most advantageous- 
ly in the epidermis.***° If we now return 
to the continuous dense band, it becomes evi- 
dent that this structure is a cytoplasmic con- 
densation, similar in appearance to the des- 
mosomes. It is obvious that, in the present 
material, the dense band is not applied to the 
plasma membrane but is parallel to it, and 
that it can be seen to connect desmosomes with 
each other. Every so often a connection is 
also established with the Z-band of a nearby 
myofibril. In concluding, it should be stressed 
that the cells of the specific tissue as analyzed 
in the common bundle of the steer heart are 
provided with desmosomes, the great number 
of which was not previously known. The func- 
tional interpretation of this arrangement will 
be discussed after we. have considered the cell- 
ular contacts as they appear in the S-A and 
A-V_ nodes. 
Structure of the Distal Branches of the Common 
Bundle 

As the distal branches of the A-V bundle 
are approached, the cells become longer. They 
meet preferably end to end in addition to 
their side-to-side contact (fig. 10). The num- 
ber of myofibrils increases considerably, and 
they are definitely longer and more parallel in 
arrangement when compared to the cells of 
the common bundle. The increased number of 
myofibrils gives less space for accumulation 
of glycogen. The nuclei also appear in pairs 
here, mostly located toward one end of the 
cell and close to the lateral cell border. 

The fine structure of these cells is identical 
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Figure 4 
Phase-contrast micrograph of a longitudinally sec- 
tioned fiber of the common bundle. The spindle- 
shaped cells are arranged in a staggered fashion. 
A number of cross-striated myofibrils are present. 
(Osmium tetroxide fixation; unstained plastic sec- 
tion; X 500.) ; 


with that of the common bundle cells. Among 
other things, this implies that the multiple 
desmosome type of connection is maintained. 
The dense band with a course parallel to the 
plasma membrane is seen less often. 


Structure of the S-A and A-V Nodes 
Light Microscopy 


In the steer heart, earlier investigators?’ 
have demonstrated by light microscopy that 
the cells of both nodes resemble those of the 
common myocardium. Grossly one can tell 
them apart because the nodal fibers are sur- 
rounded by an abundance of connective-tissue 
elements and by the comparatively loose ar- 
rangement of individual fibers (fig. 11). These 
circumstances have been used as criteria in 
the present study. 

In a cross section of S-A fibers (fig. 12), 
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Figure 5 


Low magnification electron micrograph of a cross-sectioned thin fiber of the common 
bundle. The entire width is occupied by 2 cells (C1; C2). The course of the two cell 
membranes facing each other is indicated by the arrows. Most of the irregular dense spots 
represent cross-sectioned myofibrils. A basement membrane (BM) surrounds the entire 


fiber uninterruptedly. (X 2,500.) 


as seen with the phase-contrast microscope, 
the individual cells are fairly loosely arranged, 
and the cross-sectioned myofibrils in the in- 
terior of the cells are quite scarce. In a cross 
section of A-V nodal fibers (fig. 14) using the 
same magnification, the cells are somewhat 
more closely arranged and show a greater 
abundance of myofibrils. In longitudinal sec- 





tion, the S-A node (fig. 13) shows a striking 
similarity to the structure of the common 
myocardium of the atria. The individual 
fibers communicate by side branches, giving 
rise to a meshwork known to exist in the ear- 
diac muscle tissue itself. The nodal cells 
usually meet end to end, marked by the dense 
cross lines that represent intercalated disks, 
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i Low magnification electron micrograph of a longitudinally sectioned fiber of the common 
S i bundle. At least 4 cells (C1 - C4) are seen. The overall density of the cells varies because 
a | of a variation in the finely granulated cytoplasm. The cell C4 is most dense and contains 
Is { a great number of submicroscopic vesicles of unknown origin and function. The myo- 
se fibrils are widely scattered but tend to become aggregated along the cell borders. Most 
s, fibers are thin (F1) but occasional thick ones (F2) occur. The nucleus (N) has a 


heavily stained but loosely arranged nucleolus. (X 2,200.) 
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Figure 7 } 


Detail of 2 common bundle cells (C1; C2). The course of the delicate plasma mem- 
brane of each cell is indicated by arrows. A dense band follows the general course of the 
cell boundaries and becomes attached at the plasma membrane of either cell in a desmo- 
some-like structure at or between X - X. Mitochondria (M) are spherical and display the 
usual fine structure of this cell organelle. Smooth-surfaced vesicles (V) of varying size 
with a clear center are abundant in these particular cells. The fine background granu- 


ee 
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Figure 8 
The junction of 3 common bundle cells (C1-C3). In C1, a long and dense cyto- 
plasmic band can be traced, whereas this structure is not present in C2 and C3. On the 
other hand, several desmosomes (arrows) of varying length can be seen here. The rec- 


tangle is enlarged in figure 9A. (X 18,500.) 


similar to the structures of the common myo- 
cardium. A relatively large number of nuclei 
and disks are present, indicating that the 
nodal cells are comparatively short. It is easy 
to obtain a section of the S-A node where the 
fibers are parallel, but this is not so in the 
A-V node (fig. 15). Here, the fibers tend to 
run in many directions, a fact demonstrated 
by earlier investigators. The nodal cells here 
are joined end to end as in the S-A node, but 
they are longer, judging by the relatively 
fewer intercalated disks and nuclei. 


larity is believed to represent glycogen. The myofibrils (F) display thin filaments that 


Apart from this, the A-V nodal fibers are 
thicker and more densely arranged and seem 
to contain a larger number of myofibrils than 
do the cells of the S-A node. 


Electron Microscopy 

At the ultrastructural level, there is basi- 
cally little difference between the cells of the 
S-A and the A-V nodes in the steer heart. 
Therefore, only the fine structure of the cells 
of the S-A node will be considered. 

The organization of the cells of the S-A 
node is very much the same as that of the 


have the usual characteristics of myofilaments. The Z-bands (Z) are most prominent; 
the H-bands (H) with the central thin M-disk can also be seen. This particular myo- 
fibril is contracted because the light I-bands on either side of the Z-band cannot be 
observed. The dense cytoplasmic band that accompanies the cell borders is occasionally 
seen (*) to make a connection with a Z-band. (X 23,400.) 
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Detail of the desmosomes present in the cells of the common bundle. They vary con- 
siderably in length. The plasma membranes are about 50 A thick and separated by a 
50 A wide intercellular space (a). Closer to the desmosome (b) the intercellular space 
widens and reaches a width of about 175 A within the desmosome (c). A second dense 
layer, parallel to the plasma membrane, is resolved within the desmosome (most clearly 
seen in A and C). (X 128,000.) 


common myocardium (fig. 16). Indeed, the 
similarity is so striking that it would be vir- 
tually impossible to tell them apart if refer- 
ence could not be made to the anatomy and 
the histology of the tissue ; then the two tissues 
look different according to earlier investiga- 
tors** and also to our own description here. 
Because of the similarity between the cells of 
the S-A node and the common myocardium, 
we do not find it necessary to go into a lengthy 
discussion about their ultrastructure but re- 
fer the reader to earlier electron microscopic 
investigations of heart muscle.* 1%: 20-23, 28 


However, a few points of importance in refer- 
ence to the present problem will be brought 
up. 

Each cell is enclosed by its plasma mem- 
brane, a delicate envelope about 70 A thick. 
The cells vary in length and meet only end to 
end, with the point of contact marked by the 
intercalated disk. Individual cells branch and 
interconnect with neighboring cells to form 
a three dimensional meshwork of muscle fibers. 
The cells are also wrapped by a thin basement 
membrane that does not penetrate between 
the cells (fig. 17). Usually each cell has 1 
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Figure 10 


Phase-contrast micrograph of a longitudinally sec- 
tioned fiber of the left distal branch of the com- 
mon bundle. The cells are-more elongated than in 
the common bundle and they meet in preference 
end to end (arrows). They contain a fairly large 
number of cross-striated myofibrils. (Osmium tet- 
roxide fixation; unstained plastic section; X 500.) 


nucleus but occasionally 2 nuclei can be seen 
in the same cell. Seen in a section, about 75 
per cent of the cell is occupied by myofibrils, 
characterized by the well-known pattern of 
cross striations. Mitochondria are distributed 
along the plasma membrane and in between 
the myofibrils. 

The intercalated disk runs across the entire 
width of the nodal fibers (fig. 18). For many 
years, it was believed that the common myo- 
eardium consisted of cells without true cell 
borders, thus forming a syncytium. With the 
aid of the electron microscope,}* 1% 20-23. 28 
however, it became clear that the intercalated 
disk represents the junction of cardiac cells, 
a fact that once and for all overthrew the 
concept of myocardial syncytium.’ ** 3° The 
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Figure 11 
Light micrograph of the sino-atrial node (SA) 
and the myocardium (Y). The size of the cells is 
approximately identical in both instances, but the 
cells are more loosely arranged in the S-A node. 


(Formalin fixation; hematoxylin-eosin stain; X 
100.) 


cells of the nodal fibers in the steer heart are 
joined similarly. As the myofibrils approach 
the intercalated disk, the individual myofila- 
ments seem to spread slightly before they 
attach at the disk (fig. 18). The intercalated 
disk is actually composed of short dense con- 
densations or subunits of the cytoplasm ad- 
joining the intracellular aspect of the plasma 
membrane of the ends of two neighboring 
cells. The myofilaments that approach the 
end of the nodal cell then establish an an- 
chorage in the dense subunits at the plasma 
membrane (fig. 19). The plasma membrane is 
always rather wavy at the intercalated disk. In 
between the dense subunits, it appears smooth 
and devoid of attached cytoplasmic struc- 
tures. Occasionally, however, the desmosome 
type of cell-to-cell contact can be identified, 
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Figures 12 and 13 
Phase-contrast micrographs of cross-sectioned (fig. 12) and longitudinally sectioned 
(fig. 13) fibers of the S-A node of the steer heart. The fibers are loosely arranged with a 
fair number of myofibrils. Some of the intercalated disks are indicated by arrows. 
(Osmium tetroxide fixation; unstained plastic sections; X 500.) 


but these structures do not receive myofibrils. 
This structure has been found and carefully 
analyzed in the common myocardium of mouse 
and guinea-pig hearts by Sjostrand and co- 
workers. It was called an ‘‘S-region’’ and 
corresponds structurally to the desmosomes 
described here in the cells of the common 
bundle of the steer heart. 


Discussion 

Anatomy 

At present, there is no doubt that a specific 
tissue does exist in the myocardium of the 
The dissections by del Missier 
et al.? demonstrated that it is fairly easy to 
show its gross anatomic distribution not only 
in the heart of the steer but also in those 
of man, dogs, pigs, and sheep. The histologic 
appearance of the specific tissue was most 


steer heart. 





convincingly analyzed by Blair and Davies** 
in the bovine heart. Our light and phase- 
contrast microscopic studies essentially con- 
firm those of Blair and Davies. The remark- 
able similarity between the structure of the 
common myocardium and the S-A and A-V 
nodes should again be stressed. The only 
gross difference seems to be the comparatively 
loose arrangement of the fibers of the nodes 
with the interspaces occupied by connective- 
tissue elements. 
Electron Microscopy 

Earlier investigations of the specific tissue 
by means of electron microscopy have dealt 
with this structure in the myocardium of the 
sheep heart. Muir,® who made the first elec- 
tron microscopic study of the specific tissue, 
analyzed the distal branches of the common 


Circulation, Volume XXIV, Auguat 1961 





ee ee 










Rael UN BASEN 


RAITT PH 





Figures 14 and 15 


SPECIALIZED IMPULSE-CONDUCTING SYSTEM 


Phase-contrast micrographs of cross-sectioned (fig. 14) and longitudinally sectioned 
(fig. 15) fibers of the A-V node of the steer heart. The fibers are arranged more 
densely in the A-V node than in the S-A node and they also contain a greater number 
of myofibrils.. The cells are longer in the A-V node and. therefore display a smaller 
number of intercalated disks (arrows). (Osmium tetroxide fixation; unstained plastic 


sections; X 500.) 


bundle, whereas Caesar et al.> concerned them 
selves with the bundle of His and the false 
tendons. These works give an accurate ac- 
eount of the fine structure of the specific- 
tissue cells in the sheep heart, which for the 
most part conforms with the present analysis 
of the steer heart. The work by Muir,® in 
particular, is most elucidating. It demon- 
strates clearly the difference between the 
cells of the common myocardium and those of 
the specific tissue and, in our opinion, de- 
seribes the cell-to-cell relationship more 
clearly than does that of Caesar et al.5 
However, there seem to be certain differ- 
ences at the ultrastructural level between 
the cells of the sheep and of steer specific 
tissue. These may be of minor importance 
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in relation to the function of this tissue, 
but are sufficiently pronounced to justify a 
short discussion of their significance. The 
scattered myofilaments that Muir® found and 
called ‘‘ Purkinje fibrils’’ do not seem to oceur 
in our material. Loosely arranged myofibrils 
do occur but without exception they display 
the normal bandings that the ‘‘Purkinje fi- 
brils’’ of the sheep seem to lack. The signifi- 
eance of these findings cannot be pointed 
out until the specific tissues of humans and 
several other animals have been investigated. 

Another feature is the occurrence of sub- 
microscopic granules most of which Muir® 
and also Caesar et al.° interpret as represent- 
ing ribonucleoprotein particles similar in na- 
ture to those demonstrated in the exocrine 
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Figure 16 (See legend on opposite page) 
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Figure 17 
Cross section of 3 fibers (Cl - C3) of the S-A node. The larger of the cells is 
sectioned through the nucleus (N). It is obvious that at least two-thirds of the fiber area 
is occupied by myofibrils. (X 7,900.) 


Figure 16 


Low magnification electron micrograph of longitudinally sectioned fibers of the S-A 
node. The central muscle fiber has 2 nuclei (N) and is, like the neighboring ones, 
enveloped by a basement membrane, which gives the surface of the fibers a scalleped 
appearance. Although the fibers sometimes are closely apposed, there is always an 
interstitial space (arrows) in which capillaries (C) are also seen. The myofibrils with 
their cross striations are numerous. The intercalated disks (*—*) represent true inter- 
cellular contacts without intervening basement membrane. (X 3,400.) 
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Figure 18 


Intercalated-disk area of a longitudinally sectioned fiber of the S-A node. The disk runs 
across the entire width of the fiber (arrows). The myofilaments of each myofibril (F) 
seem to become more loosely arranged before they anchor at the dense structure of the 


intercalated disk. (X 10,500.) 


cells of the pancreas by Palade.*! In our 
material we cannot confirm that the outer 
component of the nuclear membrane is stud- 
ded with these granules; neither can we find 
vesicles provided with these submicroscopic 
particles. On the contrary, we find these 
particular membranes to be smooth and con- 
clude that neither structure represents part 
of a rough-surfaced endoplasmic reticulum.** 
The vesiculation at the intercalated disks and 
the large vacuoles, which supposedly are de- 
rived from retraction of the plasma mem- 
branes as suggested by Casear et al.,° have not 
been recorded in the steer heart. This may 
be a species difference but could also be ex- 
plained by poor fixation of the material ana- 
lyzed by Caesar et al. Again, the ultimate 
solution to this problem has to await further 
analyses of this tissue in other animals. 
Functional Considerations 

From a functional point of view, it seems 
of greatest importance to compare the two 
different types of cellular attachments that 
are encountered in the various parts of the 


conducting system of the steer heart. In 
the S-A and A-V nodes, the intercalated-disk 
type of the common myocardium prevails, 
although the desmosome type of structure 
may also be found to a lesser degree in be- 
tween the dense subunits of the intercalated 
disk. In the A-V bundle and its left and 





right branches, including their fine ramifica- 
tions, the multiple desmosome type of at- 
tachment has been found exclusively in the 
present study of the specific tissue of the 
steer heart (fig. 19). 

The function of these two types of struc- 
ture is obviously to secure the mutual attach- 
ment of cells, a conclusion reached by com- 
parison with other instances in which an 
abundance of desmosomes undoubtedly serves 
this purpose, e.g., in the epidermis.**~*° Onto- 
genetically, it is of interest to recall that 
Muir?® has demonstrated by electron micros- 
copy that the multiple desmosome type is 
present in the common myocardium of the 
rabbit in embryos from 18 days after coitus 
to birth. Later on, the adult type is de- 
veloped, with the characteristic wavy course 
of the cell boundary within the intercalated 
disk. This seems to indicate that in the steer 
heart the cells of the common bundle and its 
branches with the multiple desmosome type 
may represent a tissue that has maintained 
its embryologie appearance. The specific tis- 
sue may, therefore, represent the vestigal 
remnant of the first vascular tube, phylo- 
gentically it would be the oldest tissue in 
the heart and ontogenetically the first to 
appear. There may also be another function 
pertaining to the multiple desmosomes versus 
the intercalated disks. Sjéstrand and co- 
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Sino-atrial (S-A) node 
Atrioventricular (A-V) node 


Figure 19 


Schematic representation of 
the cellular contacts as seen in 
the various parts of the im- 
pulse-conducting system of 
the steer heart. 


} INTERCALATED DISK TYPE 


4 





Atrioventricular bundle (common bundle, bundle of His) MULTIPLE 


Left & Right branches of A-V bundle 


workers’? have suggested that the spe- 
cialized regions they found in the common 
myocardium between the disk regions and 
that closely resemble our desmosomes may 
represent areas with a lower ohmic resist- 
ance and may form paths with a great safety 
factor for conduction across the cell junction. 
Our findings of a multitude of desmosomes 
in the lower regions of the conducting system, 
where certainly the impulse travels so much 
faster than in the common myocardium, seem 
to support this hypothesis. 

Finally, we may, in summing up, compare 
the histologic and ultrastructural appearance 
of the various parts of the conducting sys- 
tem? From our studies, it is fairly clear 
that the passage of the stimulus in any part 
of the conducting system could oceur by a 
wave of muscle contraction. Any electrical 
effects produced by this wave of contraction 
are undoubtedly the results of previously 
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DESMOSOME TYPE 


activated, enzymatically catalyzed chemical 
processes. Bourne*®* has reported the pres- 
ence of alkaline phosphatase in the inter- 
calated disks of the common myocardium, and 
this enzyme may well be present in the disks 
of the specific tissue also. Succinie dehydro- 
genase**: 34 and cholinesterase** are both con- 
centrated along the borders of the specific- 
tissue cells, presumably in the mitochondria 
but possibly also located in the small vesicles 
described here. If the transmission of the 
impulse is facilitated by the intercalated 
disks and the desmosomes and if the impulse 
is mediated by enzymes located in or near 
these structures, then one would expect it 
to travel faster across a border where these 
structures are frequent. We do not know 
the rate of conduction in the S-A node itself, 
but it is 1,000 mm. per second in the atrial 
muscle and the number of intercalated disks 
per 40,000 square microns in a longitudinal 
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section of the atrial muscle is about equal 
to that of the S-A node (fig. 13), possibly 
indicating that the rate of conduction is 
roughly the same. The rate of conduction 
in the A-V node is about 200 mm. per second 
and in the ventricular muscle 300 to 500 mm. 
per second. Again, there is a close structural 
resemblance between the A-V node and the 
ventricular muscle. Furthermore, the slower 
rate, as compared with the atrium, may be ex- 
plained by the smaller number of intercalated 
disks and the larger size of the cells. Once 
the impulse reaches the tissue of the com- 
mon bundle, the rate of conduction increases 
to 3,000 to 5,000 mm. per second, possibly 
explained by the great number of desmosomes 
and the large area they represent per square 
unit of cell surface. 

A purely mechanical point of view could 
also be introduced at this moment. The 
structure of the S-A node, the A-V node, 
and the common myocardium of the atria and 
ventricles closely resembles that of a fisher- 
man’s net with a third dimension added, 
whereas the structure of the common bundle 
and its branches reminds one of a set of 
strings connected here and there along its 
course (fig. 1). A pull at one corner of a 
net would spread in all the directions of the 
net’s meshes, thus delaying the pull to be 
felt at the opposite corner of the net. A 
pull at one end of a set of strings would 
be felt much faster at the opposite end be- 
cause no spreading in a wide three dimen- 
sional meshwork is involved. 

Of course, many other factors would have 
to be taken into consideration*® in explaining 
the high rate of conductivity of the cells of 
the specific tissue as well as in explaining 
the magic ability of the entire conducting 
system to originate autonomously a stimulus 
for contraction. Here, such factors as the 
high content of glycogen® as well as of 
sphingomyelin®* probably play an important 
role. 
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Blood Capillaries of the Heart and Other Organs 


By Grorce E. Pauape, M.D. 


The article is a review of work recently carried out on blood capillaries by the author in 
collaboration with Drs. M. G. Farquhar, G. Majno, and S. L. Wissig. 


It reviews the morphology of these vessels at the electron-microscope level and confirms 
the existence of at least 3 distinct types of blood capillaries in small laboratory mammals. 
It shows that the capillary wall consists of 3 concentric layers (endothelium, basement 
membrane, and adventitia), and indicates that the basement membrane forms a continuous 
layer in all capillaries so far studied. 


Experiments in which colloidal gold particles were used as a tracer have shown that, 
in capillaries with a continuous endothelium (muscle capillaries), the particles are trans- 
ported across it by ‘‘pinocytic’’ vesicles. At the end of this step they must still transverse 
the basement membrane. 

Experiments on glomerular capillaries, which typically have a discontinuous endothelium, 
were carried out on normal and nephrotic rats using ferritin as a tracer. By its aceumu- 


lation on the luminal side of the basement 


layer as the main filtration barrier. 


membrane, the ferritin has identified this 


A similar function of the basement membrane was demonstrated in muscle venules and 
venous capillaries by experiments in which the endothelium was rendered discontinuous 
by local treatment with histamine and serotonin. 


HERE ARE, I believe, a good number of 
reasons for a renewed interest in prob- 
lems of capillary permeability. To begin with, 
it is clear that we are dealing with a basic 
process in the physiology of metazoa. In these 
eomplex organisms, the life of the multitude 
of cells in the intimacy of tissue depends, in 
ultimate analysis, on the ample and continu- 
ous exchanges that take place across the wall 
of capillary vessels between the blood plasma 
on one side, and the interstitial fluid on the 
other. To continue, many pathologie condi- 
tions can be traced back to circulatory dis- 
turbaneces in general, and to variations in 
capillary permeability in particular, an out- 
standing example being the inflammatory 
process. And to finish, the mechanisms in- 
volved in the exchange of large quantities of 
water and solutes across the capillary wall 
are still poorly understood. 
Studies on the structural aspects of the 
problem, carried out over many years by light 
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microscopy, have revealed only a few general 
morphologic features that facilitate the ex- 
changes: one could list under this heading the 
small diameter of the vessels, their organiza- 
tion into a tight meshwork that ensures a high 
surface-to-volume ratio for the circulating 
blood, and finally the extreme tenuity of the 
eapillary wall. A description of these features, 
together with an attempt to quantitate them 
in terms of capillary volume and capillary 
surface per unit volume in various tissues, 
figured prominently—for instance—in August 
Krogh’s book ‘‘The Anatomy and Physiology 
of Capillaries,’’ which summarized what was 
known in 1928 about the morphology and 
physiology of blood capillaries.1 In this book, 
which had considerable influence on the sub- 
sequent development of the field, Krogh as- 
sumed that the capillary wall consisted only 
of a layer of endothelial cells* but, aside from 
stressing their extreme thinness, did not fur- 
ther inquire into structural devices directly 





*The existence of a second layer, called basement 
membrane (‘‘Grundhiutchen’’), was described, how- 
ever, by many histologists. See, for instance, Ben- 
ninghoff.” 
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involved in capillary permeability. With this 
in mind, it would be fair to say that we in- 
herited from our light-microscope predeces- 
sors a good knowledge of the general layout 
of the capillary vessels, but practically no 
knowledge regarding their fine structure and 
especially the structural details involved in 
capillary permeability. 

By comparison, the physiologic aspects of 
the problem have been more thoroughly inves- 
tigated and seem to be better understood. 
Ever since Starling’s 1896 hypothesis,’ it has 
been assumed that the force that drives the 
fluid out of or into the capillary vessels is 
the difference between the hydrostatic and 
osmotic pressures of the blood plasma.+ More 
recently, however, it has been realized that 
exchanges that operate on this basis are 
rather modest (a few per cent of the total) 
and that the mechanism in question may be 
more important for maintaining the blood 
volume than for carrying through adequate 
exchanges between the blood and the tissues. 
In this respect it is generally agreed at pres- 
ent that diffusion plays the major role, but 
difficulties are encountered when physiologic 
results are interpreted in structural terms. 
Pappenheimer and his collaborators,** for 
instance, conclude that the permeability char- 
acteristics of the capillary wall could be ex- 
plained by assuming that the wall is a rigid 
partition provided with patent permanent 
pores of — 60 A effective diameter; whereas 
Chinard and his colleagues® believe that the 
wall behaves like a laminar gel permeated by 
a continuous aqueous phase—fibrils and inter- 
fibrillar spaces in the gel being of molecular 
dimensions. 

It should be pointed out that in all these 
structural extrapolations it is assumed that 
the capillary wall consists of a single cellular 
layer, the endothelium. In Pappenheimer’s 
formulation, the postulated pores occupy a 
small part of the wall surface (— 0.1 per 


tActually the algebraic sum of the following terms: 
hydrostatic pressure of the blood plasma, osmotic 
pressure of same, hydrostatic pressure of interstitial 
fluid (‘‘tissue pressure’’), and osmotic pressure of 
same. 
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cent) and are presumably located along the 
cell junctions, cutting—so to say—through the 
intercellular cement, a hypothetical substance 
that fills all the intercellular spaces of the 
endothelium. The hypothesis according to 
which the exchanges between blood and tis- 
sues are carried through these cement-filled 
spaces was originally advanced by Chambers 
and Zweifach.* Before ending this short re- 
view of the physiologic aspects of the problem, 
I should add that the capillary wall is more 
permeable to lipid than to water-soluble sub- 
stances. For this reason Pappenheimer* and 
Renkin and Pappenheimer® have actually pos- 
tulated a double pathway across the wall: via 
the pores for water and solutes, and via the 
cells proper for lipid soluble substances. 


The Fine Structure of Blood Capillaries 

This was the general state of our knowledge 
before the electron microscope was used to 
investigate the structural aspects of the prob- 
lem. The reinvestigation has already provided 
a large body of information and has estab- 
lished firmly at least two points..cf ® ® 

First: The capillary wall is a multilayered 
structure. In addition to a cellular endothe- 
lial layer, which could be deseribed as an 
internal tunic, it comprises an acellular layer 
—the basement membrane (middle tunic)— 
and an outer, discontinuous stratum of cells 
and fibers that constitute an adventitial tunic. 

Second: Although similar in their general 
construction, capillary vessels differ con- 
stantly and characteristically in their struc- 
tural details from tissue to tissue, or, rather, 
from groups of tissues to groups of tissues. 
The differences affect primarily the cellular 
layers, the endothelial and the adventitial, 
which could be discontinuous or even absent, 
whereas the basement membrane generally 
persists as an uninterrupted layer. This con- 
tinuity of the middle tunic, or basement 
membrane, emerges then as a common struc- 
tural feature for practically all types of 
eapillary vessels so far examined.* 





*See, however, Bennett et al.1 and Wood” on the 
problem of hepatic blood sinuses. 
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With this preparation, we can start review- 
ing the electron microscopic evidence.* Figure 
2 illustrates the type of capillary encountered 
in a skeletal muscle and in other tissues of the 
soma but also present in certain viscera, e.g., 
the myocardium and the smooth muscle of 
the digestive and reproductive tract. It is 
characterized by a continuous endothelium, 
0.5 to 0.2 » thick, and a continuous basement 
membrane. The endothelial cells are extremely 
flat but otherwise similar in organization to 
other animal cells. They possess a nucleus, a 
eentrosphere region with 2 centrioles and a 
few small piles of smooth-surfaced cisternae, 

*The morphology of blood eapillaries was studied 
in a number of small mammals (rats, hamsters, guinea 
pigs, rabbits) by electron microscopy, using tissue 
specimens fixed in OsO, (buffered at pH 7.4 to 
7.6) and embedded in methacrylate. 

The experimental work was carried out exclusively 


on rats, using the same preparative procedures for 
electron microscopy. 
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a more or less developed endoplasmic reticu- 
lum, ribonucleoprotein (RNP) 
mitochondria, and a cytoplasmic matrix in 
whieh fine fibrils-can sometimes be detected. 
The only distinguishing, although not unique, 
feature is represented by a large number of 
vesicles!!: '* located immediately below the 
cell membrane along both the blood and the 
tissue fronts of the cell (fig. 1). A closer ex- 
amination reveals that some of these vesicles 
are open to the cell surface, while others are 
closed. Those open could be described as in- 
vaginations of the cell membrane, since their 
limiting membrane is continuous with the cell 
membrane. In this situation their content is 
also continuous with the extracellular fluid: 
blood plasma on one front of the cell and 
interstitial fluid on the other. Between closed 
and open vesicles a whole spectrum of possible 
intermediates is encountered. Grazing sections 
show the vesicles are quite numerous—120 to 
140 per »?—on the luminal as well as on the 


particles, 


Explanation of Plates 


All figures represent electron micrographs of rat blood capillaries. The corresponding 
tissues were fixed in osmium tetroxide and embedded in methacrylate. The sections 
were stained with lead hydroxide and “sandwiched” with carbon or formvar films 
before examination. General Abbreviations: BM, basement membrane; EN, endothelium ; 


EP, epithelium; L, capillary lwmen. 


FicureE 1 


Figures 1 and 2 


Wall of blood capillary in a skeletal muscle (rat). The lumen, which contains pre- 
cipitated plasma proteins, is marked L. and the pericapillary space PS. The capillary 
wall consists of an inner or endothelial tunic (EN), a middle tunic or basement mem- 
brane (BM), and an adventitial tunic represented here by a few collagen fibrils seen 
in longitudinal (cf,) or transverse (cf) section. Small vesicles in the cytoplasm of 
the endothelial cell appear aligned behind the luminal and tissue fronts of the cell. 
Some of them (v,) are open to the cell surface and could be described as invaginations 
of the cell membrane; others (v2) are closed and appear located deeper in the cytoplasm. 
In this case, the number of vesicles is greater on the tissue than on the luminal front 


of the endothelium. X 73,000. 


Figure 2 


General view of a transversely sectioned blood capillary in a skeletal muscle (rat). 
The lumen is marked L, and the pericapillary spaces PS. Parts of 3 endothelial cells, 
EN,, EN2, EN;, form the inner tunic at this level; their junctions appear at j,, je, 
and js. The nucleus of one of the endothelial cells can be seen at n. 

The middle tunic or basement membrane is marked BM. It is relatively well 
outlined toward the endothelium, from which it is separated by a shallow subendothelial 
space (ss), and frays into distinct fibrils (t£) towards the pericapillary spaces. 

The adventitial tunic is represented by part of a pericyte (P) characteristically 
enwrapped between 2 leaflets of the basement membrane. X 35,000. 
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Figures 1 and 2 (See legends on opposite page) 
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tissue front of the cell (fig. 3), and a few sim- 
ple computations indicate that the vesicles rep- 
resent a considerable amount of membranous 
material: about 2 »? of membrane behind 
each »” of cell front, and account for a sizeable 
part of the total volume of the cell: — 1/3. 

The spectrum of appearances encountered 
could be explained by assuming that the ves- 
icles are formed by invaginations of the cell 
membrane that are pinched off and become 
closed elements in the cytoplasm, carrying an 
imprisoned droplet of extracellular fluid. A 
reverse process would evidently produce the 
same series of appearances, but this time the 
sequence would start with a fluid-filled vesi- 
cle in the cytoplasm, which moves to the sur- 
face, where its membrane coalesces with the 
cell membrane, and where its content is dis- 
charged in the extracellular medium by the 
orifice created at the site of the coalescence. 
If the 2 processes are combined, the vesicles 
could transport fluid from one front of the 
cell to the other in small, more or less equal 
portions or quanta. The diameter of such a 
pocket is — 650 to 750 A and its volume 
—~ 100,000 mp? to — 180,000 mz*. 

This hypothesis has been tested experimen- 
tally but, before presenting the appertaining 
results, I should like to close the morphologic 
inquiry by reviewing. information obtained 


Ficure 3 
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on the cell junctions and on the basement 
membrane in this type of capillary. At the 
level of the cell junctions (fig. 4), there is a 
narrow intercellular space ~ 100 A that sep- 
arates 2 symmetric densifications of the 
apposed cell membranes. The latter are some- 
times backed by a condensation of the sub- 
jacent cytoplasmic matrix. What seems to be 
important is the fact that the narrow inter- 
cellular gap is occupied by a material of 
moderate density frequently condensed into 
a denser intermediary layer or lamina. In 
other words, the narrow intercellular gap is 
not an unobstructed passage from the lumen 
to the pericapillary spaces. The material in 
the gap does not represent, however, the ce- 
ment substance postulated by light-microscope 
studies. That cement was supposedly charac- 
terized by its ability to reduce silver ions to 
metal and become impregnated by it. In elec- 
tron microscopy the silver deposits appear 
spread over a broad band centered on the 
junction, but preferentially concentrated 
within the zones of densification of the ad- 
jacent cytoplasm.!® The presence or absence of 
pores in the intercellular spaces will be dis- 
cussed later. 

The second layer, the middle tunic, of the 
capillary wall is represented by the basement 
membrane, which appears as a continuous 


Figures 3 and 4 


Grazing section of a blood capillary of the myocardium (rat) showing the large number 
and irregular distribution of vesicles (v1, Vo) on the tissue front of the endothelium. 
The “stoma” of some of these vesicles, i.e., their opening to the cell surface, shows 


clearly as a light, circular area (vo). 


The basement membrane appears as a densely matted felt of fine fibrils (f), with 
sparse, slightly thicker fibrils in its peripheral layers (tf). A few collagen fibrils of the 
adventitia are visible at ef. Adjacent muscle fibers are marked mf. X 55,000. 


Figure 4, a and b 


Epithelial cell junctions in blood capillaries of skeletal muscle (rat). The thickening 
of the apposed cell membranes is visible in Fig. 4b in between the short arrows. The 
companion densification of the subjacent cytoplasm shows more clearly in Fig. 4a at d. 
The intercellular space (is) is occupied by a material of higher density than that 


filling the pericapillary spaces. 


Note in both cases the oblique or sinusoidal course of the junctions, the pseudopodia 
(ps) that flank them on the luminal front, and the fact that the basement membrane 
passes without interruption or infolding over the junction (long arrows). The fibrillar 
texture of the basement membrane can be distinguished at f. Collagen fibrils are 


marked ef. X 71,000. 
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coat of moderately dense material 200 to 500 
A in thickness. The limits of the coat are 
rather sharp toward the endothelium, from 
which it is separated by a narrow subendo- 
thelial space, and more poorly outlined to- 
ward the pericapillary spaces. In this direec- 
tion the basement membrane comes in contact 
with various adventitial elements—collagen 
and elastic fibrils, and cells of varied type, 
pericytes, macrophages, fibroblasts, and others. 

In view of the tenuity and moderate density 
of this basement membrane, one may wonder 
whether we are dealing here with an inde- 
pendent structural element of the wall or 
merely with a condensation of the ground sub- 
stance of the connective tissue, which could 
disperse easily once the endothelial substrate 
is removed. The answer is found in damaged 
specimens which show extensive retraction of 
the endothelium: although left behind, the 
basement membrane subsists as a distinct 
layer; apparently it is cohesive enough to re- 
sist the various mechanical and chemical in- 
sults involved in our preparation procedures. 

In specimens fixed by osmium tetroxide, the 
basement membrane appears as an amorphous 
layer of more or less homogenous density. In 
preparations stained by heavy metals, how- 
ever, fine fibrillar elements of higher density 
can be demonstrated therein (fig. 5). In fact, 
2 types of fibrillar elements can be recognized : 
one finer and tightly meshed in the inner 
parts of the layer ; another coarser, less abun- 
dant, and less intertwined in the outer parts 


Figure 5 


PALADE 


of the structure. Grazing sections through the 
capillary wall are particularly favorable for 
demonstrating these fibrillar components, both 
of which appear to be distinct from mature 
collagen fibrils: they are thinner and do not 
show the characteristic periodic pattern of the 
latter. The coarser of the fibrils found in the 
basement _membranes look morphologically 
similar to a special type of fibril usually en- 
countered around elastic fibers. Needless to 
say, the chemical nature of all these fibrillar 
elements is unknown. 

On the strength of this evidence we can 
conclude that the basement membrane is a felt 
of fine fibrils and that the meshes of the felt 
seem to be filled by another material, a ma- 
trix, which still appears amorphous at the 
present level of resolution. 

So this is the type of construction encoun- 
tered in most capillaries: between the blood 
plasma and the interstitial fluid in inter- 
sposed a succession of barriers consisting of a 
continuous endothelium, a continuous base- 
ment membrane, and an adventitia that, in 
this case, is discontinuous enough to be neg- 


_ ligible as a true barrier. 


Tracer Experiments on Blood Capillaries in 
Striated Muscles 


What is the functional role of these layers 
in blood-tissue exchanges? What structures 
participate and what mechanisms are involved 
in the transport of various substances across 
the wall? 


Figures 5 and 6 


Section through a bent blood capillary of the myocardium (rat). The lumen, cut in 
2 places (Ly, Le), is marked by colloidal gold particles. The endothelial cytoplasm 
contains small vesicles (v) and RNP particles (r). In the middle of the field, a grazing 
cut through the basement membrane exhibits its poorly resolved, felt-like texture (f). 


xX 82,000. 


Ficure 6 










Blood capillary of the myocardium (rat) 10 minutes after an intravenous injection 
of colloidal gold (90 mg. in 1.5 ml.). The lumen (I) is marked by gold particles 
(g,), which are also present in the endothelium—within small vesicles (go, gg), in the 
basement membrane (g4), and in the pericapillary spaces (g,;). Note the sharp decrease 
in particle concentration from the lumen to the endothelium, and the fact that within 
the latter the tracer is restricted to vesicles and does not-have access to the cytoplasmic 
matrix. At the level of this section, the endothelium is covered by the long process 
of a pericyte (P). 73,000. 
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To find an answer to such questions we in- 
jected into the general circulation a tracer 
small enough to give meaningful information 
and dense enough to be seen individually in 
the electron microscope. Ferritin molecules ~ 
100 A in diameter’ and micelles of colloidal 
gold ranging from 30 to 250 A’ proved to be 
useful for this type of work. At intervals 
ranging from 2 to 60 minutes after the injec- 
tion of the tracer into the general circulation, 
specimens for electron microscopy were col- 
lected from the heart or tongue to take advan- 
tage of the high concentration of capillary 
vessels in the muscle of these organs. Colloidal 
gold particles were found in-large number in 
the lumen and in considerably smaller num- 
bers in the endothelium, basement membrane, 
and pericapillary spaces (fig. 6). In the endo- 
thelium they were as a rule restricted to the 
vesicles described in the vicinity of the cell 
membrane, the only other structure in which 
they were encountered being the so-called 
multivesicular bodies. Only occasionally were 
particles found in the cytoplasmic matrix 
(fig. 7). Sinee a relatively large number of 
micelles were detected in the pericapillary 
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spaces, it can be concluded that they had been 
ferried across the endothelium by vesicles. In 
these experiments only an occasional, or no 
accumulation of particles was found against 
the basement membrane; apparently it al- 
lowed practically all micelles that crossed the 
endothelium to pass. After longer time inter- 
vals, one_hour for instance, the situation was 
comparable, except that most of the particles 
in the pericapillary spaces were found in- 
gested by macrophages. It should be stressed 
that no tracer was found at any time in the 
intercellular spaces of the endothelium. The 
results obtained with ferritin molecules were 
less clear cut.4* Frequently the tracer was 
found restricted to vesicles within the endo- 
thelium, but sometimes ferritin molecules oc- 
eurred freely dispersed in the cytoplasmic 
matrix with no indication of how they reached 
this location. 

On the strength of the results obtained with 
colloidal gold, it can be concluded that the 
vesicles of the endothelium do function in 
transendothelial transport. It is clear that 
they ferry the marker across the endothelium 
and it is highly probable that, together with 


























Figure 7 Figures 7 and 8 


Blood capillary of the myocardium (rat) 10 minutes after an intravenous injection 
of colloidal gold (90 mg. in 1.5 ml.). The irregular lumen is marked by circulating 
particles (g,). The endothelium contains a number of similar particles enclosed singly 
(go, £3) or severally (gq) into vesicles. One tracer particle (g;) appears against a 
slightly dense patch which could correspond to the top of a sectioned vesicle; another 
particle (gg) is definitely free in the cytoplasmic matrix. A few tracer particles (g7) 
have reached the pericapillary spaces. 

Note that many other vesicles (arrows) contain small particles that seem to be 
attached to the inner surface of their membrane. Their identification as gold colloidal 
micelles is uncertain because their density is low and their form irregular. X 77,000. 


Ficure 8 


Small blood vessel (venule) in the cremaster of a rat, 2.5 minutes after a local subcu- 
taneous injection of histamine. The tracer, colloidal mercuric sulfide, was previously 
injected in the general circulation. 

The lumen is occupied by 3 erythrocytes (RB, 2 3). The endothelium (EN,, EN») 
is discontinuous; through the gap marked by arrows, tracer particles (t,), chylomicrons 
(ch) and a red blood cell (RB) have penetrated and dissected the wall up to the 
‘basement membrane (BM) which, in this case, appears particularly thin and poorly 
outlined. Note that most of the particles are retained by the basement membrane, and 
‘that the intramural deposit is highly concentrated, presumably as a result of water and 
solute escape through the basement membrane. Note also that, of the few particles 
which have reached the pericapillary spaces (to), some have already been incorporated 
(ts) by a phagocytic element (PC). X 46,000. 
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the marker, they transport water and solutes, 
since there is room enough for a few hundred 
thousand molecules of corresponding size, in 
addition to the tracer particle, in each vesicle 
of 650 A diameter. If this modality of trans- 
port seems to be well established by our ex- 
periments, it should be pointed out that its 
relative importance in the overall exchanges 
between blood and tissue fluids remains un- 
known: transport by vesicles may account 
for all, or only for part, of these exchanges 
and only future quantitative work will tell 
us whether we are dealing here with the main 
mechanism of transport or with an accessory 
one of limited importance. 

In any case it should be realized that trans- 
port across the endothelium represents only 
one step in the entire operation. There is a 
second barrier to be crossed, the basement 
membrane, and if in the experiments so far 
reported it did not markedly affect the pas- 
sage of the tracer, this does not mean that it 
will behave in the same way under different 
conditions or in respect to other tracers. In 
fact there is good ground to assume that the 
basement membrane should play an important 
role in such exchanges, the principal reasons 
being the following: it is difficult to ascribe 
specificity to a transport in quanta and, more- 
over, there are types of capillaries in which 
the endothelium is discontinuous or fenes- 
trated and in which the blood plasma gains 
direct access to the basement membrane, 
which appears to be the only continuous bar- 
rier in the wall of the vessels. 
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Tracer Experiments on Renal Glomerular 
Capillaries 

Capillaries with a fenestrated endothelium 
are encountered in many viscera,* 1° and the 
fenestration of their endothelium becomes 
particularly extensive in the glomerular capil- 
laries of the kidney. In addition to an exten- 
sively fenestrated endothelium, these capil- 
laries are characterized by the existence of a 
third cellular layer—made up of the pseudo- 
podia of the visceral epithelium. Their base- 
ment membrane is also thicker and apparently 
more substantial than in other capillaries, 
visceral or somatic. Glomerular capillaries 
represent a favorable object of study because 
in their case we are dealing with one-way 
transport only—i.e., from the lumina to the 
capsular space—and because the nature of the 
capsular fluid is relatively well known. It has 
been collected by direct micropuncture in a 
number of species and its analysis has shown 
that it is a protein-free, or almost free, filtrate 
of the plasma.*t: 17 

In the experiments on glomerular capillar- 
ies, carried out in collaboration with Drs. 
M. Farquhar and 8S. Wissig, the tracers used 
were again ferritin and colloidal gold.1**° 
After short time intervals (3 to 15 minutes), 
the ferritin was found in high concentrations 
in the lumen. From the lumen it appeared to 
gain free access, through the fenestrae of the 
endothelium, to the basement membrane. 
Within the latter the tracer was found in 
noticeably lower concentrations and more or 
less evenly distributed in surface and in 








Figure 9 
Renal glomerular capillary of a nephrotic rat one hour after the intravenous injection 


of 50 mg. ferritin. 


The basement membrane (BM) crosses obliquely the field separating the epithelium 
(EP) at left from the endothelium (EN) at right. The lumen is hardly visible at the 
extreme right. Large deposits of ferritin infiltrate the spongy areas (sa) and the luminal 
layers of the basement membrane. Such deposits identify the basement membrane as the 
‘main filtration barrier. Fewer particles penetrate the peripheral layers of the filter 
and reach the epithelium where they can be seen in invaginations of the cell membrane 
(t,), im closed vesicles and small vacuoles within the cytoplasm (t.), and im dense 
bodies or absorption droplets (ts). 

At this relatively late time point, the endothelium contains membrane-bound vacuoles 
(pb) filled with packed ferritin—an indication of the phagocytic activity by which the 
filtration deposits are removed. X 73,000. 
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Figure 9 (See legend on opposite pa 
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depth. Few ferritin molecules reached the 
foot processes of the epithelial layer, and 
those that did appeared to be caught either in 
small invaginations of the cell membrane or 
in small vesicles within the cytoplasm. After 
longer time intervals (30 to 60 minutes), 2 
new noteworthy features emerged: first, there 
was a gradual increase in the concentration of 
the marker in the luminal strata of the base- 
ment membrane and finally extensive piling 
up of ferritin molecules against its luminal 
surface ; second, the number of ferritin mole- 
cules captured by the epithelium increased 
and, in addition to those located in membrane 
invaginations and small vesicles in the foot 
processes, the tracer appeared in the cell body 
proper in large vacuoles and in dense bodies. 

To confirm these findings, we also adminis- 
tered the tracer to rats rendered nephrotic by 
treatment with the aminonucleoside of puro- 
mycin.2! In such cases, the permeability of 
the glomerular capillaries is increased and 
substantial amounts of blood proteins are lost 
during glomerular filtration. In nephrotic 
animals, the piling of ferritin against the 
basement membrane was about as striking as 
in normals after long time intervals (fig. 9), 
but the amount of ferritin in the basement 
membrane and in the epithelium was consider- 
ably greater (fig. 10*). The epithelium showed 
its typical response to the nephrotic condi- 





*Figure 10 reproduced from Farquhar, M. G., and 
Palade, G. E.: Segregation of ferritin in glomerular 
absorption droplets. J. Biophys. & Biochem. Cytol. 
7: 297, 1960. By permission of the Journal of Bio- 
physical and Biochemical Cytology. 
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tion: the extensive disappearance of the foot 
processes. In these altered epithelial cells, as 
in normal ones, the marker was restricted to 
membrane-limited spaces, i.e., vesicles, vacu- 
oles, and dense bodies. In nephrotic animals 
there was a definite reduction in the extent 
of the fenestration of the endothelium. 
From these experiments, it can be safely 
concluded that in this type of capillary the 
main filtration barrier is the basement mem- 
brane. The tracer is retained by it as by a 
filter. It is clear, however, that the filter is 
imperfect. Even under normal conditions, it 
leaks a detectable amount of the tracer, which 
is recovered, at least in part, from the filtrate 
by the epithelium that seems to function as a 
monitor of the filter amen expected, op- 
erations connected with this recovery are con- 
siderably enhanced when the filter becomes 
more leaky in nephrotic animals. Turning now 
to the filter proper, it should be pointed out 
that the ferritin molecules that escape through 
it were found distributed at random within 
the membrane. There was no preferred rela- 
tionship to the slits of the epithelium, for in- 
stance. Moreover, and probably more impor- 
tant, no pores were seen in the basement mem- 
brane. The tracer molecules were found em- 
bedded in its substance without 
ahead or trails behind. Pores of simple geom- 
etry allowing the passage of a ferritin mole- 
cule would have a diameter in excess of 100 
A and should be visible. Since they are not, 
we are led to conclude that they are either 
extremely tortuous and consequently difficult 
to see in sections of the thickness used (~ 500 


channels 


Figure 10 
Part of a renal glomerulus in a nephrotic rat, 2 hours after the intravenous injection 


of 50 mg. ferritin. 


Most of the field is occupied by part of an epithelial cell (EP), which contains the 
marker (ferritin molecules) in small vesicles (t,), small vacuoles (ty), large vacuoles 
with a light content (tg), structures of intermediary appearance (t,), and—finally 
—typical dense bodies (ts tg, tz). It is assumed that all these forms represent progres- 
sive stages in the segregation and concentration of the marker and other materials 
incorporated by the cell from the glomerular filtrate. 

The basement membrane (BM) of the capillary, covered by this epithelial cell, 
appears in the upper left corner infiltrated by numerous ferritin molecules. 

The lumen is not visible in this field, but some urinary spaces can be seen (US). 
x 73,000. (From Farquhar and Palade: J. Biophys. & Biochem. Cytol. 7 :297, 1960.) 
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to 800 A), or that permanent pores do not 
exist. One has the impression that the marker 
moves through a yielding gel, creating a chan- 
nel as it moves. As far as the activities of the 
other layers are concerned, they appear to be 
ancillary, if we restrict our interest to the 
filtration process proper and disregard mor- 
phogenetic processes for the moment. The en- 
dothelium seems to function as a valve that 
regulates the amount of plasma which gains 
direct access to the filter, whereas the epi- 
thelium behaves like a monitor which partly 
compensates for the_imperfections of the fil- 


ter. Analogies with the endothelium and the 

adventitial cells (primarily macrophages) of 

muscle capillaries are quite evident. 

Effects of Histamine and Serotonin upon the 
Structure of Small Blood Vessels 

In the light of these experiments on glom- 
erular capillaries, should we conclude that 
the basement membrane is also the main filter 
in musele capillaries, i.e., in capillaries with 
a continuous endothelium, and that in the 
latter the vesicles represent only a more re- 
fined ‘‘valve’’ than the fenestrae of the glom- 
erular capillaries? 

The last experiments to be reported suggest 
that such a conclusion is justified, at least in 
part. In collaboration with Dr. Guido Majno, 
and Miss Gutta Schoefi?*: 2° from the Depart- 
ment of Pathology at Harvard, we tried to 
find out what changes are introduced in the 
structure of blood capillaries by local hista- 
mine or serotonin treatment which is known 
to increase the permeability of small vessels 
markedly.24: 25 The experimental device was 
simple and relied primarily on the discovery 
of a favorable specimen: the cremaster of the 
rat, a thin layer of striated muscle—2 muscle 
fibers thick—located under the skin of the 
scrotum. The marker, this time a coarser col- 
loidal particle of mercuric sulfide (200 to 500 
A in diameter), was introduced into the gen- 
eral circulation; and histamine or serotonin, 
in doses of 50 wg. and 5 ug. respectively, was 
injected locally between the skin and the 
eremaster. The latter was excised and fixed 
at various time points thereafter either in 
toto, for light microscopy, or in small blocks, 
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for electron microscopy. The effect of the 2 
amines becomes visible under the dissecting 
microscope in approximately 3 minutes, and 
spectacular in 10 to 15 minutes. It consists in 
a spotty blackening of the vessels that other- 
wise retain their usual appearance at low 
magnifications. The electron microscope pro- 
vides a satisfactory explanation for the black- 
ening.*? The ‘‘lesion’’ produced by the amines 
is a local discontinuity in the endothelium, 
apparently_caused by the pulling apart of 2 
endothelial cells over longer or shorter dis- 
tances. A gap is thus produced through which 
the plasma, loaded with the marker, gains 
direct access to the basement membrane. The 
latter apparently lets the water and many of 
the solutes pass, but as a filter retains the 
marker. In time, relatively large deposits of 
HgS particles accumulate within the wall of 
the vessel and start to dissect its layers. I 
should point out that the amines affect prefer- 
entially the small venules, as clearly indicated 
by the examination under the light microscope 
of cremasters mounted in toto,?* but the le- 
sions extend on the vascular tree toward the 
capillaries, at least toward their venous ends. 
In view of the preferential localization of the 
lesions, in itself a very intriguing finding, it 
is not surprising that the morphology of the 
affected vessels is sometimes extremely com- 
plex. Successive and unequal deposits are 
found in the thickness of the wall cleaving 
its various layers, which in the case of a 
venule can be more numerous than in the case 
of a capillary. In addition to the marker, 
many other circulating particles are retained 
by the filter. Frequently chylomicrons accu- 
mulate within the wall, together with deposits 
of proteins, some of which polymerize into tac- 
toids with the periodicity of fibrin. Finally 
cellular elements, i.e., platelets, erythrocytes, 
and leukocytes, find their way into these dis- 
secting aneurysms of the wall of the vessels. 
What is remarkable is the fact that, with all 
its tenuity and poor definition, the basement 
membrane of these vessels is capable of re- 
taining the large deposits formed by the resi- 
dues of filtration. Relatively few particles 
reach the pericapillary space and those that 
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do are rapidly picked up by phagocytic ele- 
ments located along the vessels (fig. 8). The 
effect of histamine on the structure of blood 
capillaries has been surveyed by Alksne,?¢ 
who arrived at the conclusion that the amine 
increased the pinocytie activity of the endo- 
thelium in addition to causing the formation 
of channels across the endothelial « cells. The 
differences in results and interpretation be- 
tween his and our experiments are due to 
differences in specimens and time points ex- 
amined. In his case the specimen (skin) was 
less favorable and the timing inadequate. The 
results of the histamine and serotonin experi- 
ments indicate clearly that the basement 
membrane of the venules and capillaries of 
the cremaster behaves, when denuded, like 
that of glomerular capillaries: it proves its 
ability to function as a filter by accumulating 
a conspicuous filtration residue. Yet it is too 
early to conclude that the endothelium does 
not screen what it transports at all, for so 
far only a very small number of various kinds 
of particles have been tested. 


General Comments 

Admittedly much remains to be done before 
the relation between the structure and the 
function of various capillary vessels is clearly 
understood, but the findings so far recorded 
already suggest distinct roles for the succes- 
sive layers of the capillary wall and _point to 
the basement membrane as a functionally im- 
portant component. This layer appears to be 
the best candidate for the role of selective fil- 
ter, It remains to be seen, however, whether 
its selectivity can be explained by simple de- 
vices, such as pores of fixed geometry, or by 
more complex properties. In this respect the 
higher permeability of all capillaries to lipid- 
soluble substances (when molecules of simi- 
lar diameter are considered) should not be 
forgotten. With this in mind, it is to be re- 
gretted that we know so little about the chem- 
istry of the filter. Whatever we know is de- 
rived from histochemical tests which indicate 
that the basement membrane consists of a 
mucopolysaccharide,** probably conjugated or 
associated with proteins. More knowledge will 
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undoubtedly be helpful. I hope that the work 
presented may act as a stimulus in this direc- 
tion. 
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Dr. Huxley: I have a question about the 
structure of the reticulum in some muscles, 
where the triads are situated at the level of 
the Z-lines. Perhaps Dr. Faweett could tell 
me how certain it is that the vesicular ele- 
ments are continuous across the H-zone, from 
1 Z-line to the next. 

Dr. Fawcett: As I understand the question, 
it is: How do we know that the longitudinal 
elements of the reticulum are continuous 
across the H-zone? Is that right? 

Dr. Huxley: Do you think that they are 
continuous ? 

Dr. Fawcett: There is no doubt in my mind 
that, in the fish muscle illustrated in my 
slides, the sarcotubules of the reticulum are 
continuous across the H-band. This is clearly 
seen in sections passing tangential to the 
broad face of the myofibrils. There is, how- 
ever, considerable doubt about the continuity 
of the reticulum across the X-line. 

Dr. Huxley: I asked this because Andrew 
Huxley, in his experiments with the micropi- 
pette, seemed to get the contraction localized 
very sharply in a longitudinal direction. Of- 
ten the contraction did not appear to spread 
across the H-zone, so that only the 2 half 
sarcomeres on either side of the Z-line con- 
tracted. 

Dr. Fawcett: I know of Dr. Andrew Hux- 
ley’s experiments and cannot account for the 
localized response. 

Dr. Palade: To explain Andrew Huxley’s 
experiments, there should be some sort of a 
stop at the level of the H-band. There is no 
morphologic evidence for such a discontinuity 
at the level of the reticulum. Some years ago, 
however, Dr. Barnett and I demonstrated 
cholinesterase activity at the level of the H- 
bands along the thick filaments demonstrated 
this morning by Dr. Huxley. Maybe this en- 
zyme is responsible for the stop in the spread- 
ing of the wave of contraction. 
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The physiologists would certainly like to 
see continuity, at some level in this system, 
from myofibril to myofibril, or, rather, from 
the reticulum level of 1 myofibril to the retic- 
ulum level of the next. Now, what is the situ- 
ation with respect to this type of continuity ? 

Dr. Fawcett: There seems to be no doubt 
in the case of the toadfish muscle, which, geo- 
metrically, is more favorable for studying this 
point than other muscle, that there is conti- 
nuity transversely across the entire face of 
any single myofibril, i.e., across the thickness 
of the contractile cylinder. The communication 
between the periphery of the contractile eylin- 
der and the sarcolemma is more difficult to 
follow because of the meandering course that 
these tubules take in regions where they do 
not conform to the precise geometry of the 
myofibrils. But even in these regions, we can 
trace them sufficiently close to the sarcolemma 
to feel that, if we were able to obtain serial 
sections, we would find points of contact. 
There would then be continuity in a radial di- 
rection all the way from the sarcolemma to 
the core of the contractile cylinder. However, 
without an enormous number of serial sec- 
tions, it would be almost impossible to prove 
that, in an ordinary skeletal muscle, there is 
continuity from the sarcolemma to the middle 
of the fiber. 

Chairman Kossman: Dr. Faweett, I should 
like to turn to another topic, namely, the dif- 
ference between the concentration of mito- 
chondria in cardiac muscle and in the very 
fast-acting skeletal muscles that you talked 
about. Do you have any physiologic explana- 
tion for this anatomic difference? 

Dr. Fawcett: I have no very satisfactory 
explanation. I suppose that it is related to 
that fundamental difference between the skel- 
etal and cardiac muscles, wherein the cardiac 
muscle has to keep up with its energy require- 
ments currently, whereas the skeletal muscle 
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can ineur some debt. Perhaps, the extraordi- 
nary number of mitochrondria in cardiac 
muscle may improve its efficiency in meeting 
its energy requirements, which are continu- 
ous. 

Dr. Fishman: I should like to direct a 
question to Dr. Palade. Although your pres- 
entation this morning indicated that the capil- 
lary endothelium may be continuous or dis- 
continuous, it made no reference to pores in 
the basement membrane; these pores are gen- 
erally held to be involved in the transport of 
fluids across the capillary walls. Quanta 
seemed to replace pores for this movement of 
fluids. But by what mechanism do gases move 
across myocardial capillaries. 

Dr. Palade: There would be no problem 
there because, I suppose, gases move very 
easily across the cell membrane, and probably 
can move easily across the basement mem- 
brane. 

Dr. Fishman: You believe then that water 
crosses the capillary wall by a different route 
from that traversed by gases? 

Dr. Palade: What we are proposing is sim- 
ply a discontinuous channel for a continuous 
channel. We are also pointing out that, in ad- 
dition to discontinuous or continuous channels 
in the endothelium, diffusion or exchange 
across the basement membrane must still be 
taken into account. 

It is easier to account for the movement 
of larger molecules by this mechanism than 
of water. As Dr. Fishman has intimated, this 
is a mechanism geared particularly to ex- 
changes in which large particles or molecules 
are involved; other mechanisms involving 
pores have to be postulated for the mechanism 
of water. In any ease, if the pores do exist, 
they are below the practical limits of resolu- 
tion of the microscope, i.e., below 20 or 15 A. 
The dimensions postulated have not been seen, 
and, again, they should have been seen. 

Dr. Fishman: May I close this by asking: 
do you visualize any rule for pinocytosis in 
this transport mechanism ? 

Dr. Palade: What I have described is some- 
what comparable to pinocytosis. The only dif- 
ference is that, instead of getting large and 
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more or less unequal particles picked up by 
the cell—i.e., droplets of fluid picked up by 
the cell—the vesicles are submicroscopic. 

Dr. Milton Landowne (Baltimore, Mary- 
land) : Would you comment on the possibility 
that the sections are actually those of highly 
tortuous channels rather than vesicles? 

Dr. Palade: This can be answered by 
studying serial sections, and serial sections 
show that the large majority of these vesicles 
are independent structures—that they are not 
part of a continuous system of tortuous chan- 
nels. 

Dr. Rhodin: In this connection, I should 
like to ask Dr. Palade if he thinks that the 
entire fluid transport occurs via these vesi- 
cles? Studies of the kidney have led us to 
believe that the intercellular space is utilized 
for the transport of fluid. Would this also ap- 
ply to these capillaries? 

Dr. Palade: I can only restate what J 
have already said. The markers that we used 
are not found at the level of the intercellular 
spaces. Some of these markers, i.e., the col- 
loidal gold particles, are very small—of the 
order of 30 or 40 A. Therefore, they would 
have access to pores, if pores of the order of 
60 A do exist at the level of the cell junctions 
or at the level of the so-called cement sub- 
stance. 

Dr. Rhodin: Dr. Huxley, I should like to 
ask if you have been able to see the fine cross- 
bridges between the myofilaments, which you 
demonstrated so beautifully here in prepara- 
tions other than the glycerinated muscle? I 
am not questioning your results, but it would 
be pleasant to find them in ordinary fixed 
muscle. 

The reason for bringing up this question is 
the knowledge of the results obtained by 
Sjostrand and Andersson-Cedergren (J. Ul- 
trastructure Res. 1:74, 1957) who suggested 
that each filament is composed, in turn, of 
subfilaments—unit filaments—arranged in a 
helical or, perhaps, in a coiled fashion. 

Dr. Huxley: We can see the cross-bridges 
in preparations of frog sartorius muscle, for 
instance, or of one of the toe muscles. They 
do not show up so clearly as they do in the 
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glycerinated muscle, but they can be seen 
quite distinctly. As a matter of fact, I think 
they are visible in a picture of live rabbit 
sartorius muscle in a paper which I published 
in the Journal of Biophysical and Biochemi- 
cal Cytology. You can see them quite clearly 
in insect flight muscle that has not been gly- 
cerinated. 

Dr. Rhodin: Would you like to comment on 
the views of Sjostrand? Do you think a coiled 
structure does not exist in these filaments? 

Dr. Huxley: Well, I think that the cross- 
bridges we have seen seem to project out from 
the myosin filaments at regular intervals 
along the length of the filaments and point 
toward each of the 6 surrounding actin fila- 
ments in turn, as though they were located 
on a helical course. This pattern, as well as 
the tapered appearance of the filaments at 
their ends, would fit in very nicely with the 
idea that the bridges were made up of smaller 
subunits, myosin molecules, with from 10 to 
20 myosin molecules lying side by side within 
the diameter of each filament, and many in 
series along its length. 

Dr. Weidmann: Dr. Rhodin, did you really 
expect conduction velocity to increase with an 
increasing number of intercalated dises per 
unit length, other things being equal? 

Dr. Rhodin: Yes. ‘ 

Dr. Weidmann: I‘cannot quite follow the 
argument. If you increase the number of dises 
per unit length, the electric resistance inside 
the fibers can only inerease. And, according 
to cable theory, the propagation velocity then 
drops. Even if you assume something like a 
functional transmission from 1 ‘‘cell’’ to the 
next, I have difficulty in seeing how a higher 
number of such sites should speed up conduc- 
tion. Propagation across more synapses can 
only be associated with more delay. 

Chairman Kossmann: Dr. Rhodin, do you 
wish to comment on this? 

Dr. Rhodin: Not at the moment. 

Dr. Hoffman: I have 2 questions. In the 
capillary, the basement membrane seems to 
be a diffusion barrier. I wonder if the outer 
layer of the sarcolemma, which is not continu- 
ous with the sarcoplasmic reticulum, as far 
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as I know, might be analogous to the basement 
membrane. It could thus be our desired diffiu- 
sion barrier, whereas the inert layer of the 
sarcolemma, which is continuous with the 
intracellular structures, might perhaps be a 
structure of very high permeability? Is there 
any reason to consider the muscle membrane 
this way? 

Dr. Fawcett: I will simply say that the 
muscle fibers in cardiac muscle do have an ex- 
traneous coating that, in all respects, resem- 
bles the basement membrane of the capillaries. 

Dr. Palade: This outer layer is similar to 
the structure of the basement membrane and 
to the periphery of every muscle fiber in the 
skeletal musculature, as well as in the myo- 
cardium. It is different from the plasma mem- 
brane. It can be removed from the plasma 
membrane. It may definitely act as a tissue 
barrier for large particles, as in the case of 
the blood capillary. 

Dr. Podolsky: I should like to ask Dr. Hux- 
ley how he managed to get the 2 sets of thin 
filaments to slide past each other. Couldn’t 
they have coiled first and then slipped past, 
after the contraction was over? 

Dr. Huxley: That preparation was glyceri- 
nated muscle that was shortening in ATP 
under load. After it had shortened down the 
required amount, the ATP was washed out of 
it, so that instead of going into the relaxed 
state after the contraction was over, it went 
into a state of rigor. 

Now, on any of the models, even ones de- 
pending on a coiling of the actin filaments 
where you envisage an interaction of the cross- 
bridges with the actin filaments, you would 
think that, when a glycerinated muscle came 
to the end of its shortening and the ATP was 
washed out, the bridges would become at- 
tached permanently to the actin filaments in- 
stead of repetitively; this attachment would 
hold the actin filaments in the position they 
oceupied while the shortening was going on. 
Then there would be no opportunity for them 
to uncoil again—to straighten out—in the cen- 
ter of the sarcomere, as Dr. Podolsky sug- 
gests. 

I agree that this type of observation on a 
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living muscle during contraction would be 
more difficult to interpret. But, in this case, 
the effect you see may be significant. 

Dr. DeHaan: Dr. Rhodin, it has been 
pointed out that one of the differences between 
myocardium and the specialized system that 
Dr. Rhodin has just presented is the lack of 
a basement membrane in the conduction sys- 
tem. Have you seen this difference? 

Dr. Rhodin: There is a difference. In the 
myocardium, as well as in the S-A and A-V 
nodes, each cell is surrounded by a basement 
membrane. This membrane is continuous at 
the site where the cells adjoin, that is, at the 
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intercalated disc. However, in the common 
bundle and its branches, the entire set of cells 
in each tiny bundle—3 to 4 cells in width— 
usually is surrounded by the basement mem- 
brane; so the functional units in the fiber are 
all surrounded by basement membranes. 

Dr. Hoffman: Dr. Rhodin, where were your 
sections of the A-V node from? 

Dr. Rhodin: The ones that I described as 
being A-V nodal fibers were taken from the 
approximate middle of the node. Of course. 
as you approach the common bundle, there is 
a direct continuity between the nodal fibers 
and the common bundle fibers. 


Myocardial Metabolism—1924 


When a muscle contracts, tension is developed, and external work is done if the tension 


is made use of to raise a weight or perform other functions requiring expenditure of 


energy. It is obvious, therefore, that there 


must be something in resting muscle which 


possesses potential energy of some kind, and that, on excitation, some change takes place 
in this system resulting in loss of potential energy. We know that lactie acid is formed 


and that the actual contractile process is 


associated with the giving off of carbon 


dioxide nor with the consumption of oxygen. It is not, in fact, an oxidation, so that the 


’” 


‘*biogen 


conception fails here. Although there must be some large molecules, or aggregates, 


containing the lactic acid group, these cannot be of a protein nature with ‘‘intramolecular’’ 


oxygen as one side chain and an oxidisable group at another place. At the end of the 


contraction, the cell machinery possesses less potential energy and the systems actually 


participating in the change, ‘‘inogens,’’ 


in his sense, have let loose lactie acid. 


if we use Hermann’s name, though not exactly 


Now to restore the system to its original state, with increase of energy content, a 


further, exothermic, reaction is necessary. 


his process the system is restored to its 


original state of high potential energy, so that the reaction by which it is effected must 
be one in which a considerable amount of energy is set free. This is shown by the large 


consumption of oxygen and liberation of carbon dioxide, indicating oxidation of some 


combustible substance. We have seen already ... 


that no nitrogen metabolism is associated 


with muscular work as such; the oxidised substance must therefore be carbohydrate or 
fat. It appears that carbohydrate is normally used in the muscle itself, but fat appears 


also to be eapable of serving the purpose, 
W. M. Bayliss. Principles of General Physiology, Ed. 4. London, Longmans, Green & Co., 1924. 


perhaps indirectly, in the intact animal.— 
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II. Biochemistry 
Chairman: John V. Taggart, M.D. 


Introduction 


By Joun V. Taaaart, M.D. 


that underlies muscle contraction, that is, the 
conversion of chemical energy into mechani- 
cal work. As has been pointed out by others, 


N THIS morning’s session, a great deal 
was said about ultrastructure in the myo- 
eardium, notably concerning the myofila- 





ments, the endoplasmic reticulum, and the the study of muscle contraction follows many 
mitochondria, as well as the capillaries. We paths and involves a variety of experimental 
now know that many of these structures technies. One of these is the analysis of strue- 
possess specific biochemical and enzymatic ture, about which we have already heard. 
properties Another is the characterization of the compo- 
This afternoon’s program will deal with = poricages of these str uctures. The isan 
: deals W e nymatie activities ¢ > 
selected metabolic features of the myocar- . == pees ae waves : _ 
. : eta yroteins and the fourth with a consideration 
dium. In an effort to gain greater insight e 5 a r 
: : : of theoretical model systems. Finally, we shall 
into the relationship between structure and ante we 
; : : return to the physiology and metabolic regu- 
function, we shall be concerned mainly with f : ; 
: 2 lation of the intact tissue. 
the so-called mechanochemical transformation : 
Because one of the reactions most fre- 
From the Department of Medicine, College of Phy- quently implicated in the process of muscular 
sicians and Surgeons, Columbia University, New York, contraction is the hydrolysis of ATP, it is 


New York. appropriate that we begin on this note. 


Biological Thinking and Investigation 


Yet I feel so sure of two broad principles which should govern all biological thinking 
and investigation that I should be lacking in courage and honesty were I to neglect 
to bring them before you. The first is that there is no limit to the degree to which the 
mechanisms of life can be explored and elucidated by what are commonly ealled physical 
and chemical means: nature has erected no barrier beyond which ‘‘trespassers will be 
prosecuted,’’ and arranged no desert into which it is profitable to go. The second is 
that however far we get we shall still find ‘‘function,’’ ‘‘adaptation,’’ ‘‘organisation,’’ 
‘“purpose,’’ in the processes we explore: the purpose may seem queer sometimes, the 
function may be unexpected: the adaptations may prove imperfect, but viewed as a whole 


they will be found to represent the best compromise available-—A. V. Hill. Living Machinery. 
New York, Harcourt, Brace & Co., 1927, pp. 277, 278. 
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The ATPases of Muscle Proteins 


By Manve. F. Moraes, Pu.D., anp Suizvo WaTANABE, Sc.D. 


The ideas and results of Blum, Oosawa, Strohman, and many others are reviewed and, 
when consolidated with the authors’ work, lead to the following picture of muscle protein 
adenosine triphosphatases (ATPases). Two major features of myocin ATPase seem to 





be a catalytic interaction between enzyme, a metal cation, and the terminal pyrophosphate 
moiety of adenosine triphosphate (ATP) and a rate-retarding interaction between enzyme, 
Mg**, and the purine ring of ATP. Sulfhydryl groups of the enzyme participate at both 

































cooperate in eatalyzing dephosphorylation, 
possibly helical, structure of F-actin. 


N CONTRIBUTING to this symposium we 

are tacitly assuming that, as regards our 
subject, there is no substantial difference be- 
tween heart and skeletal muscle tissue. It has 
also to be said that, although ATPases are 
emphasized in the title and in the paper itself, 
it is very possible, in view of work such as 
Strohman’s,' that in situ one or more of these 
phosphate transfer 
rather than in ATP hydrolysis. Such a pos- 
sibility would not vitiate the merit of ATPase 
studies, since the objectives in most of these 


enzymes function in 


studies are clues about enzyme surfaces and 


stood precisely the mechanisms of the en- 
zymes, we would still have to integrate our 
information with that of other speakers in 
order to understand how muscle ‘‘works.’’ 

In this paper we shall consider primarily 
the ATPase activities of myosin and actin, 
but first it is convenient to touch upon some 
properties of ATP and its relatives. 

From the Cardiovascular Research Institute, 
University of California Medical School, San 
Franciseo, California. 
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loci. In the catalytic interaction an ionizable group (pK, ca. 6.8) may participate. G-actin 
molecules binding ATP (probably by the purine ring) and relieved of their mutual repulsion 
thereby giving rise to the somewhat loose, 


Substrates 

For the enzymes to be considered, the ‘‘nat- 
ural’’ substrate appears to be adenosine tri- 
phosphate (ATP). A long-known property of 
ATP is that its free energy of hydrolysis is 
substantial. A possible consequence of this 
fact for interactions of ATP with its enzymes 
is the plausibility of formation of energetical- 
ly costly enzyme intermediates. Other con- 
ceivable properties of ATP as a substrate, 
such as charge and binding affinities of its 
various moieties, have generally received scant 
attention. In recent years, however, interest 


chelated by the polyphosphate end of ATP 
and may form a sort of electrostatic ‘‘cement”’ 
linking substrate to enzyme and facilitating 
distal hydrolytic attack by water molecules. 
However, enzymologic investigations have 
prompted speculation that metal cations also 
interact with the ring end of ATP, either to 
anchor it to enzyme or to its own polyphos- 
phate end. The existence of these interactions 
can be and has been investigated in the ab- 
sence of enzyme. To establish further that 
these interactions are part of the ‘‘normal”’ 
enzymatie process—for example, to show that 
the ‘‘true substrate’’ is a metal complex—is 
much harder; it has not been done decisively 
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enzyme-substrate interactions. For these pur- in ATP-metal cation complexes has been 
poses it is quite legitimate to consider various kindled by mounting evidence that metal ca- 
‘‘aeceptors,’’ among them water. At the same tions play a critical role in ATPase and con- 
time, we must acknowledge that, even if these tractile properties. 
studies were totally successful and we under- It is safe to assume that metal cations are } 
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for either myosin or actin, although most re- 
cently it has been argued for the related en- 
zyme, creatine kinase.” 

The thermodynamic affinity of metal cations 
for ATP (without regard for the structure 
of the complex) has been studied by several 
competent investigators and methods, and it 
is therefore disturbing that the results have 
varied widely. The hypothesis that the ade- 
nine ring participates in metal binding was 
first put forth by Blum,’ who sought to ae- 
count for a ring-enzyme anchor point, and 
shortly thereafter by Levedahl,* Szent-Gyor- 
gyi,” and Eichhorn,’ all of whom noted that 
simultaneous chelation of metal ions by ring 
and polyphosphate moieties would stabilize 
ATP in a eurled configuration of possible 
functional significance. Although Levedahl’s 
measurements* * can blend with such a hypo- 
thesis, direct evidence for ring-metal cation 
interactions has been wanting. Recent pre- 
liminary observations®’ by K. Hotta and J. 
Brahms in our laboratory may help resolve 
the difficulties clouding this problem. Hotta 
and Brahms found that if the affinity (formu- 
lated for a 1 nucleotide: 1 metal cation com- 
plex) is measured at various concentrations 
of metal cation, there is an inverse correlation 
between affinity and concentration. This 
trend is also noticeable in the calculations of 
other authors who employed methods of vary- 
ing sensitivity and therefore worked at differ- 
ent concentrations. The implication is that 
not only a 1:1 complex but also a 1:2 complex 
exists. Hotta and Brahms have not yet com- 
pleted their study, but for purposes of orien- 
tation we shall mention that at an ionic 
strength [(CH3), NCl] of 0.05 M and total 
nucleotide and MgCl. concentrations of 10° 
M and 10° M respectively, Koos (ATP) = 
8 X 10°, and for inosine triphosphate (ITP) 
Ksgg (ITP) = 12 X 10°, where ‘‘K’’ is the 
apparent 1:1 affinity in li/mole. These val- 
ues are from pH meter measurements in the 
neighborhood of pH 6.8, i.e., they reflect dis- 
placement by cations of protons attached to 
the polyphosphate structure. Protons are 
also displaceable from the rings of ATP, ITP, 
and eytidine triphosphate (CTP) at charac- 
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teristic pH’s. In these cases, proton detach- 
ment (whether by reaction with OH- or by 
cation displacement) is accompanied by meas- 
urable shifts in the ultraviolet spectra of the 
nucleotides, and from these shifts one may 
infer the affinities of the cations for the ring 
moieties of the various nucleotides.* Taking 
advantage of this effect, Hotta and Brahms 
have found that, for the rings, Kooy, (ATP) = 
1.6 X 107 li/mole and Koss (ITP) = 1.5 X 
10 li/mole.j They have also found appreci- 
able ring-binding with the diphosphates, ADP 
and IDP, but not with monophosphates, ribo- 
sides, or free bases. Taken together, these 
various observations are strong support for 
the general assumption that metal cations can 
interact with the ring atoms of nucleotides; 
they also indicate that a (small) fraction of 
the nucleotide-metal cation complexes are in 
the curled configuration. However, it remains 
for other experiments to decide whether these 
configurations have a functional significance 
(for instance, for fitting into enzyme crev- 
ices). 

In principle, both gross and subtle proper- 
ties of different portions of the ATP struc- 
ture can be studied by observing the behavior 
of analogs (fig. 1). Thus, it has been estab- 
lished in a gross way that orthophosphate is 
hydrolyzed only from a triphosphate struc- 
ture (e.¢., ATP or tripolyphosphate, PPP, not 
ADP or pyrophosphate, PP). In view of 
PPP, the attachment of a purine or a pyrimi- 
dine ring and ribose to the triphosphate struc- 
ture is inessential for myosin triphosphatase 
activity, but it modifies such activity. Since 
ribose triphosphate is not yet available, one 
cannot decide whether the enhancement stems 


*It is logically possible, though much less likely, 
that the metal cation bound to the polyphosphate 
structure is not simultaneously ‘‘touching’’ the ring, 
but only attenuating the electrostatic field that 
otherwise perturbs the ring protons. 

tAlthough the ring affinites for ATP and ITP 
are about the same, it should be reealled that 
around neutral pH (e.g., 8) the proton competition 
for the ATP-ring site will be nil, whereas the proton 
competition for the ITP-ring site will still be formid- 
able; accordingly, the fraction of ring sites holding 
eation will be much greater in ATP than in ITP. 
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ATPase. 


Some substrates for 
from the ring, from the ribose moiety, or 
simply from the elimination of an extra nega- 
tive charge in PPP. From the analogs of 
Hasselbach® and Ikehara et al., 1° it appears 
that considerable liberties can be taken with 
the ribose region without suppressing myosin 
activity ; in fact, it may be that reducing the 
enzyme-ribose interaction enhances activity. 
On the other hand, the fact that 
purine or a pyrimidine moiety permits active 


either a 


catalysis suggests that specific and simultane- 
ous interaction between several 
and enzyme is not obligatory or that there is 
flexibility in the enzyme structure. Another 
type of interesting analog, adenyl-methylene- 
diphosphonate (adenyl-PCP), was recently 
introduced by Moos et al.1? Even though iden- 
tical with ATP in every steric respect, adeny]- 
PCP is peculiarly inert toward the muscle 


ring atoms 


In this molecule, however, 


2? 


proteins. ** oppos- 
ing resonance’’ is suppressed and probably 
causes the pK for the final phosphate ioniza- 
tion to shift from 6.5 to 8.2 and reduces Mg** 
chelation at neutral pH. We are thus again 
reminded of the importance of the nucleotide 
charge for substrate capability. 

With the advent of diverse analogs such as 
those introduced by Ikehara et al. and Moos 
et al., a number of other deductions will un- 
doubtedly be forthcoming. An 
definite deduction from analogs already avail- 
able will be discussed in the next section. 


increasingly 


Myosin 
Elsewhere in this symposium, Olson, and 
Bing and Kato, discuss the physical proper- 
ties of myosin, but it is cogent for us to know 
now that to date the smallest kinetic unit re- 
ported for solutions of purified skeletal myosin 


Circulation, Volume XXIV, August 1961 







































ar manne 


ATPASES OF MUSCLE PROTEINS 


has a mass of not less than 4 X 10° Gm. 
Various attempts—the latest being that of 
Nanninga and Mommaerts’*—to measure the 
myosin weight that combines with 1 mole of 
ATP or of PP have led to very nearly this 
same value. Therefore, although we are un- 
convineed* we have to agree that on present 
evidence the ATPase site of myosin seems to 
occupy but a tiny portion of the molecule. 
Speculation about the function of this tiny 
site has been dominated recently by two ideas 
that we shall now consider. 


The Double Displacement Scheme 
By analogy with certain other hydrolases 
there has been proposed (see, for instance, 
Weber!*) for myosin a so-called ‘‘double- 
displacement’’ reaction scheme: 

ATP + myosin 2 myosin — P + ADP 
H,O0 + myosin — P 2 myosin + P 
Justification of such a scheme has been at- 
tempted along 3 lines: (1) According to the 
scheme, a P** label introduced in the form 
of ADP should back-inecorporate into ATP. 
Although early European reports seemed to 
bear out this expectation it now seems very 
definite that the back incorporation is not ob- 
served with pure muscle proteins. (2) Under 
appropriate conditions of isolation, it ought 
to be possible to interrupt the reaction and 
to demonstrate enzyme with co-valently at- 
tached phosphorus. This has also been re- 
ported, but such experiments are equivocal 
owing to possible sorption of inorganic phos- 
phorus by the active enzyme. Maruyama and 
Gergely,'* for instance, have recently con- 
eluded that this sorption, rather than any 


*Reasons for doubt are both subjective and objec- 
tive. Other enzymes, once really purified, have in- 
variably proved to be of a smaller order of magnitude, 
so it is puzzling to be faced with such an exception. 
A more scientific doubt arises from the recent 
recognition that the binding of ATP to enzyme can 
be strongiy inhibited by polyanions. Investigators 
of site weight have borne in mind the possibility that 
the true substrate is an Mg-ATP or Mg-PP complex,” 
so to reduce complications the system has generally 
been saturated with Mg salts, sometimes with MgSO,. 
Not only may the increased ionic strength have 
discouraged binding to enzyme, but also SOQ, may 
have competed successfully for erstwhile ATP sites. 
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true phosphorylated intermediate, explains 
this sort of experiment. (3) It is possible 
that the myosin-catalyzed excess incorpora- 
tion of O18 from H.O0'8 into inorganic phos- 
phorus (produced from ATP) indicates a 
phosphorylated intermediate, since it does not 
occur in either ATP or inorganic phosphorus. 
However, Koshland and his associates,!> who 
discovered the O18 exchange, have shown since 
that its rate is sensitive to purine-ring sub- 
stituents, so that for all practical purposes 
the exchange occurs while the ATP (or other 
nucleotide) is still intact, and thus its exist- 
ence is not evidence for a phosphorylated en- 
zyme. In summary, experiments that with 
other enzymes have eventually demonstrated 
an intermediate have, in the case of myosin, 
been quite inconclusive thus far. 

Before attempting to discuss a second major 
hypothesis about the myosin-ATPase mecha- 
nism, it is convenient to consider the general 
classes of substances that modify this ATPase. 


Substances That Modify Myosin ATPase 
Salts in General 

In his pioneering work Szent-Gyoérgyi!® 
showed that the chlorides of various metals 
had a di-phasic effect on both the solubility 
and the ATPase activity of myosin. At neu- 
tral pH, low concentrations of salts precipi- 
tated the enzyme and activated ATPase, while 
greater concentrations solubilized the enzyme 
and inhibited the ATPase. Szent-Gyoérgyi felt 
that the solubility phenomena resulted from 
eation binding (which rendered the protein 
isoelectric) followed by anion binding (which 
charged the protein negatively), and he con- 
sidered that, although diverse cations cata- 
lyzed ATPase, the precise effect of a particu- 
lar concentration depended not only on the 
specific cation but also on the ionic strength. 
Unfortunately, these early discoveries and 
ideas have not been widely examined or pur- 
sued. As regards ATPase, there has arisen 
a complicated literature in which investigators 
report the pH, the cation used, and the ionic 
strength. KCl has been regarded as an inert 
electrolyte that provides only ionic strength, 
and the possibility that anions might have 
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specific effects has been largely disregarded ; 
thus a report may read, ‘‘Mg** (actually 
MgCle or perhaps MgSO,) is an ATPase in- 
hibitor at ionic strength of 0.60 M (actually 
in 0.60 M KCl).’’ As a result of preliminary 
work with solvents more nearly ‘‘inert’’ than 
KCl, we now know that such statements are 
treacherous, since superimposed on the truly 
ionic strength effects of these electrolytes is 
a competition between K* and Mg** (and no 
doubt H*) for specific binding sites and also 
specific Cl- and SO, binding, which may be 
competitive with ATP binding.? Nevertheless, 
the statements that follow are tentative be- 
cause our work has not been extended to a 
sufficient number of ions. As regards solu- 
bility, it appears’ that the precipitation when 
electrolyte is first added is predominantly a 
nonspecific ionic strength—presumably screen- 
ing of solubilizing repulsion—effect. The sub- 
sequent solubilization, however, is as Szent- 
Gyorgyi surmised the result of anion binding, 
and the higher the anionic valence the greater 
the solubilization per mole of anion. As al- 
ready anticipated by Mihalyi,!® Cl- is cer- 
tainly bound; such anions as sulfate, ferri- 
cyanide, and pyrophosphate are even more 
strongly bound. As in the creatine kinase 
system, acetate seems fairly ‘‘inert.’’? Among 
the cations we have reason to think that tetra- 
methylammonium is also ‘‘inert’’ (see below). 
Our best current approximation to an inert 
electrolyte is therefore tetramethylammonium 
acetate; however, because of its ready avail- 
ability, we have also used tetramethylammoni- 
um chloride (TMAC), especially for low ionic 
strengths. At an ionic strength of a few 
tenths TMAC, myosin ATPase is soluble but 
essentially inactive. If now a metal chloride 
is added at increasing concentration (but still 
low enough so as not to change the ionic 
strength markedly) the ATPase activity rises 
to a maximum level and stays there. As would 
be expected from all past work, CaCls gives 
the highest asymptotic activity of the simple 
salts thus far tested ; the activity provided by 
KCl, however, is appreciable. Used in this 
way, MgCle is definitely an activator, although 
much weaker than CaCly. The particular ac- 
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tivity attained with a salt is undoubtedly the 
resultant of co-catalytie effects, such as those 
mentioned in the substrates section, and in- 
hibitory effects such as will be proposed later 
for Mg**. Provisionally, however, we will 
assume that Ca** is solely an activator—pos- 
sibly just functioning in P-O-P hydrolysis; 
thus in many experiments the solvent will be 
a solution of an inert electrolyte and an en- 
zyme-saturating concentration of a suitable 
calcium salt. Of course work of other labora- 
tories, to be cited below, will meet these con- 
ditions only roughly. 
Specific Sulfhydryl Reagents 

In their classical work on SH enzymes, 
Singer and Barron’ early showed that myosin 
could be totally inhibited by parachlormercur- 
ibenzoate (PCMB), so it has been long pre- 
sumed that the enzymatic site of myosin con- 
tains, among others, a sulfhydryl group. More 
recently, Kielley and Bradley*® showed that, 
besides this group at the site, there existed 
in the molecule a second, more reactive type 
of sulfhydryl group (probably not at the site), 
the masking of which accelerated the Cat*- 
saturated ATPase activity at neutral pH. On 
this account a plot of activity vs. number of 
SH groups titrated is diphasic; as the more 
reactive groups are affected the activity is 
increased, then as the less reactive groups 
react the activity falls (eventually to zero). 
Blum?! has shown that other heavy metals 
besides mercury behave in the same way. The 
purely ‘‘activation’’ response is best evoked 
by the class of reagents that form mixed 
disulfides with myosin when incubated at 
moderately high pH, e.g., by S-8-aminoethyl- 
isothiuronium (AET). Dinitrophenol behaves 
qualitatively like PCMB and AET, and, al- 
though it has never been clearly shown to be an 
SH-reagent, it probably belongs with this class 
of ATPase modifiers. Kielley and Bradley” 
speculated that the most PCMB-reactive SH 
groups in myosin might in some way chelate 
the inhibitory ‘‘intrinsic’’ Mg** (see below). 
This speculation has been supported by the 
subsequent observation?? that AET-treated 
myosin ATPase is less sensitive to Mg*t in- 
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hibition, and very recently by Tonomura’s 
observation*? that ‘‘intrinsic’? Mg** (not 
removable from myosin by ethylene diamine- 
tetraacetate |EDTA] rinsing) is released by 
the enzyme on reaction with PCMB. 
Substances That Chelate Alkaline Earth Cations 

Through the work of Tarver-Friess** 7° and 
of Bowen** it was established that at neutral 
pH EDTA strongly accelerated the ATPase 
of myosin B dissolved in 0.60 M KCl and in- 
hibited that of myosin B dissolved in 0.60 M 
KCl. The result was no different if the en- 
zyme was first rinsed with EDTA and then 
with KCI solution before adding the final test 
EDTA. Reerystallized KCl was used through- 
out. Since in the test system Mg*t* (and only 
Mg**) might have been expected to inhibit 
at 0.60 M KCl and activate at 0.60 M KCI, it 
was speculated** that some form of inhibitory 
Mg** bound to the enzyme so tightly as to 
defy EDTA rinsing was being masked by the 
test EDTA in the activation phenomenon.* 
It is this Mg*t* that Kielley and Bradley”® 
thought might be held by SH groups on the 
myosin. 


Hydrogen Ions, or pH 

Although the dependence of myosin ATPase 
activity upon pH has been known for two 
decades, its uninterpretable shape (at face 
value the curve shows optima around pH 6.4 
and pH 9.5) has led to no useful inferences. 
The attainment of high ionic strengths with 
minimal specific ion effects (by the use of 
TMAC), however, has enabled some progress. 
It has been shown**: 7° that for AET-treated 
myosint the Ca**-saturated ATPase activity 
curve is like a titration curve with a ‘‘pK’ 
between 6.5 and 7.0, and not very dependent 


“ec 


*This speculation is being disputed in current 
work from Tonomura’s laboratory,” since these 
workers find that after dislodging its intrinsic metals 
with PCMB the enzyme still responds to EDTA. 
However, a basie difficulty may lie in the use of 
KCl contaminated with Mg salts; we have found” 
that in TMAC solution EDTA does not exert its 
characteristic effects. For the while we feel the Mg 
hypothesis continues to have merit. 

tSimilar results were obtained contemporaneously 
by J. Blum, using Cu**-treated myosin ATPase. 
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on 1/T (very similar characteristics to crea- 
tine kinase,” and to the pH dependence of 
Zn** inhibition of contraction of glycerinated 
muscle fiber*®). The curve for untreated myo- 
sin ITPase has very much the same shape. On 
the other hand, as pointed out by Gilmour,*! 
the curve for untreated myosin ATPase (in 
which pains have been taken to avoid irrever- 
sible effects at high pH) looks like an ITPase 
curve in which some form of inhibition has 
been imposed at pH 7-8. It is cogent to re- 
call here that Bowen’s curves of EDTA-acti- 
vated myosin ATPase as a function of pH*® 
also had a sigmoid (rather than bi-optimal) 
aspect—rather like titration curves spread out 
over many pH units. 





Single Displacement Followed by Desorption 

We now return to discuss what we have 
called the second major hypothesis about the 
myosin-A TPase mechanism ; this is a hypothe- 
sis developed especially by Blum, but with 
notable independent contributions by Kosh- 
land, Levy, and their associates, and by Gil- 
mour. These authors suppose that, while all 
substrates interact with myosin at the ter- 
minal pyrophosphate grouping, those sub- 
strates (e.g., ATP, CTP) with an NHe group 
suitably placed on either the purine or pyrimi- 
dine ring suffer a strong additional interac- 
tion with the SH-bound ‘‘intrinsic’’ Mg of 
the enzyme. According to Blum, this ring- 
enzyme interaction retards the desorption of 
the diphosphate following P-O-P hydrolysis, 
thus effecting an inhibition of what would be 
the activity in the absence of interaction. 
Gilmour*! has additionally assumed that this 
retarding interaction is pH sensitive and max- 
imal at pH 7-8. To account for certain tem- 
perature effects, Koshland and Gilmour sepa- 
rately have proposed that at some temperature 
between 20 and O C. a conformational change 
in the enzyme draws away the SH-Mg site 
from the substrate so that below the transition 
temperature the retarding interaction is no 
longer possible. In contrast to ring-NH. sub- 
strates, substrates such as ITP are assumed 
to be free of retarding interaction. 

Like all tentative hypotheses, the foregoing 
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leaves many facts unexplained (why is ITPase 
inhibited by small degrees of SH titration? 
Why would an NHe, Mg, SH interaction re- 
spond to pH change around 7-8?), but it has 
many attractive consequences. For example, 
the hypothesis readily explains the pH curves, 
why reagents as different as AET and EDTA 
cause similar effects, and why Mg** is not 
an inhibitor of ITPase activity. Excluding 
mathematical booby traps (see Morales and 
Hotta?® for discussion), the foregoing ob- 
servations on pH dependence also point to an 
ionizable group at the active’ site, with a pk 
of 6.5-7.0—possibly an imidazone or a phos- 
phate of the enzyme-substrate complex. 
Recently, we performed experiments** whose 
results are encouragingly consistent with the 
general Blum-Koshland-Gilmour hypothesis. 
We measured ATPase and ITPase activities 
as a function of pH, in both ordinary and 
heavy water. On the assumption that the 
isotope effect manifests itself primarily on 
the hydrolytic (P-O-P splitting) process, we 
asked at each pH, does D-for-H substitution 
make a difference in the observed rate? In the 
case of ITP, the substitution always made a 
difference, i.e., the rate in De2O was always 
less than the rate in H.O. In the case of ATP 
the substitution made a difference at the pH 
extremes, but at pH 7 or 8 it made no differ- 
ence at all. From our premise we concluded 
that the ITPase rate is probably always lim- 
ited by the hydrolytic process and that this 
is also true of the ATPase rate at the pH 
extremes, but that around pH 7-8 some other 
process is limiting the ATPase rate. This 
‘‘other process’’ would be the inhibitory ring- 
enzyme interaction ; if so, it should be elimin- 
able by AET- or by DNP-treatment. This 
prediction was confirmed ; with these treated 
enzymes the substitution did affect the ATPase 
rate, even at pH 7-8. What the final fate of 
this ATPase theory will be depends on future 
research, but its present status seems bright. 


Actin 
Among the important properties of actin 
is its transformation from individual ‘‘mo- 
nomer’’ units (M.W., ca. 6 X 104 Gm.) to 
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more or less endless polymers, i.e., from its 
‘*G’’ to its ‘‘F’’ form, upon such changes as 
the addition of salts or the reduction of the 
pH. Straub, and Laki and Bowen, discovered 
independently that in the G-F transformation 
the ATP tightly bound to G-actin was de- 
phosphorylated in the course of the transfor- 
mation. Later, Mommaerts showed a precise 
1-to-1 correspondence between the moles of 
orthophosphate released and the moles of G- 
actin brought into polymer form. The matter 
stood at this stage for several years, except 
that during the interim Laki repeatedly em- 
phasized the curious parallelism between con- 
ditions that govern myosin ATPase and those 
that govern actin polymerization, and he 
raised the question of whether actin was an 
ATPase. At the 1957 Tokyo Symposium on 
Muscle Chemistry this question was affirma- 
tively answered by Oosawa, Asakura, and 
their associates at Nagoya University. These 
workers showed that under suitable conditions 
(see below) an actin system could catalyze the 
continuous dephosphorylation of ATP, not 
merely the ‘‘one shot’’ amount that accom- 
panied the conversion of almost pure G to 
almost pure F. Before discussing actin ATPase, 
mention must be made of another, seemingly 
contradictory, discovery by Oosawa’s labora- 
tory. According to these workers, the poly- 
merization of actin is cooperative, i.e., if one 
commences with a very dilute solution of G- 
actin and raises the G-actin concentration, a 
‘‘eritical’’ G-actin concentration (dependent 
on [Mg**], pH, temperature, etc.) is reached 
beyond which the further addition of G-actin 
results in the progressive appearance of F- 
actin whilst the concentration of G-actin stays 
at its critical value. Such behavior is typical 
of systems in which several of the condensing 
monomer units are simultaneously interacting 
in the formation of polymer. According to 
the Nagoya workers an actin system exhibits 
maximal ATPase activity when G and F 
actins are co-existing, both in appreciable 
amounts (condition G@—F). For a given value 
of total actin concentration, the ratio G:F 
will therefore vary with the state ({[Mg**]. 
temperature, ete.), and, for a given state, 
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the ratio will vary with the total actin con- 
centration. The claim is that whatever are 
the state and total concentration that achieve 
G—F, that combination also maximizes the 
ATPase rate. This elegant result is also a 
powerful indication that the ATPase is not 
arising from contaminations, as was once seri- 
ously proposed. Yet we have always felt that 
a fundamental difficulty might exist, since, if 
polymerization and dephosphorylation are rig- 
idly linked, then dephosphorylation as well 
as polymerization would be cooperative. This 
circumstance would be quite unprecedented. 
Each ATP being dephosphorylated by a myo- 
sin molecule, for example, is very remote and 
insensitive to the fate of fellow ATP molecules 
being dephosphorylated elsewhere; thus far, 
interacting enzymatic sites have existed only 
in the minds of theorists.** It therefore seems 
to us very important that in their latest paper 
Asakura, Kasai, and Oosawa** provide evi- 
dence that actin ATPase is cooperative. For 
example, they find that upon the addition of 
salt the initial rate of splitting depends on a 
high power (3.5) of the G-actin concentration, 
and that the addition of F-actin causes a 
burst of ATP splitting. To provide a struc- 
tural basis for the polymerization and ATPase 
effects, Oosawa is now proposing a helical 
(rather than linear, to account for interactive 
effects), possibly salt-linked, and rather deli- 
cate structure for F-actin. In support of this 
structure he has already shown acceleration 
of ATP splitting by 10 Ke. sonic irradiation. 
Apart from being contributions to the knowl- 
edge about ATPase, the foregoing observa- 
tions are opening the way for a possible ‘‘in- 
trinsic contractility’’ in F-actin, a matter of 
eritical concern to the model of contraction 
discussed in this symposium by Dr. Podolsky. 
’’ of actin is 
still too sketchy to discuss at length, mention 
should be made in closing of Strohman’s? im- 
portant new observations on actin-ATP bind- 
ing. The absorption of Mg*t* and Cat** to 
actin monomers undoubtedly reduces repul- 
sions and facilitates polymerization ; very pos- 
sibly it also facilitates hydrolytic attack on 
P-O-P. However, Strohman now has evidence 


Although the ‘‘enzymology 
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that such cations cooperate with SH groups 

of actin in the highly specific (ITP won’t do) 

binding of ATP to the protein. His observa- 
tions are very reminiscent of the ‘‘retarding 
interaction’’ of ATP discussed above for 
myosin. 
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Muscle Physiology and Contraction Theories 


By Ricuarp J. PopouskKy, PH.D. 


The structural basis of current contraction theories is the double array of thick and thin 
myofilaments revealed by the electron microscope. The physiologic properties that characterize 
the contractile process are natural consequences of this structure if (a) during shortening 
the 2 sets of filaments move relative to each other and (b) the flux of chemical energy 
through the contractile mechanism is limited by interaction between complementary sites 
distributed along the 2 sets of filaments. Contraction models fitted to these ideas differ 
is generated. In the sliding model, foree is 
developed by mechanical interaction between the thick and thin filaments, and filament 
length remains constant during contraction. 


largely in the mechanism by which force 


In the folding model, foree is developed 


in the thin filament, which shortens during contraction. Both models quantitatively account 
for the foree-velocity relation and the Fenn effect. They also accommodate the quick-release 
phenomenon and predict, at least qualitatively, the isotonic velocity transients that can be 
seen after quick release from tetanic tension. 


IOCHEMICAL PROCESSES in muscle 

cells have 2 exceptional characteristics. 
The first, of course, is that they generate 
large forces. The second, which is not quite 
so obvious, is that they proceed at a rate which 
depends on the motion of the eell. Many 
properties of contracting muscle can be traced 
back to the influence of the motion of the cell 
on the chemical processes driving the con- 
tractile mechanism, an idea first proposed by 
Fenn. 

It seems very natural that a muscle should 
lift a light load more rapidly than a heavier 
load. However, as Fenn wrote some years 
ago, ‘‘the more one tries to explain these sim- 
ple facts, the less obvious do they seem to be.’”” 

The ‘‘simple’’ fact is shown in figure 1, the 
force-velocity curve for the classical striated 
muscle, the frog sartorius. The circles are 
data from an experiment we shall discuss 
later. The smooth curve is A. V. Hill’s foree- 
velocity relation.? The question is: Why does 
the contractile force fall with the velocity? 

In the early twenties, the force-velocity 
relation was explained with a_ viscoelastic 
model* along the following lines: Upon acti- 
vation, muscle becomes an elastic filament, 
like a spring. The spring is immersed in a 
viscous fluid. When the muscle shortens a 
given distance, the available potential energy 


From the Naval Medical Research Institute, 
National Naval Medical Center, Bethesda, Maryland. 
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appears either as work or as heat. The more 
quickly the muscle moves, the greater the 
viscous force, the greater the heat produc- 
tion, and the smaller will be the energy avail- 
able for work. Thus the fall in force with 
speed. 

The essential part of the viscoelastic model 
is that, in shortening a given distance, the 
available energy is independent of the me- 
chanical conditions of contraction. The corol- 
lary, that the amount of heat produced in a 
contraction increases with the speed, was 
doubted as long ago as 1864.5 The unambig- 
uous experiments of A. V. Hill confirmed 
these doubts. 

Figure 2, taken from Hill’s classical 1938 
paper,® shows the critical experiment.* Curve 
E is the total heat produced as a function of 
time when the frog sartorious is tetanized iso- 
metrically. Curves F, G, H, and J show the 
heat liberated when the muscle is released, 
at the time indicated by the first arrow, and 
allowed to shorten a given distance. Although 
the speed of contraction in J, say, is 5 times 
greater than in F, the total extra heat due to 
shortening does not change. Since it was 
clear that heat production did not increase 
with speed, the 
demolished. 


viscoelastic theory was 


*Figure 2 reproduced from Hill: Proe. Roy. Soe. 
London s.B 126: 136, 1938.5 By permission of the 
Royal Society of London. 











FROG SARTORIUS 
o°C 


V/V mox 
Figure 1 
Relation between force, P, and velocity, V, in liv- 
ing muscle. Experimental points are calculated 


from data of figure 12; smooth curve is the force- 
velocity equation of A. V. Hill.’ 


The error, of course, is that the energy 
available during contraction is not constant. 
The flux of chemical energy into the muscle 
is somehow affected by the motion itself. In 
other words, some kind of mechanochemical 
control is built into the contractile mechanism. 
The force-velocity relation might be a re- 
flection of this mechanochemical control if 
the tension generating process were continu- 
ously opposed, or inactivated, by the mechan- 
ical motion. 

This idea is schematized in figure 3. We 
assume that a sequence of chemical reactions 
drives the contractile mechanism. One of 
these reactions, M, is closely linked to the 
contractile mechanism. Since the chemical 
reactions are themselves linked like a train 
of gears, the extent of the reaction during a 
contraction is limited by the turnover of M, 
which, in turn, is some function of the short- 
ening velocity. The total energy produced 
during contraction depends: on the extent of 
the reaction A + M. This chemical energy* 





*In this paper, ‘‘energy’’ denotes the enthalpy 
of reaction, AH=AU + PAV. The energy available 
for mechanical work is the free energy, AH — TAS. 
In these expressions, U is internal energy, P is 
pressure, V is volume, T is temperature, and S is 
entropy. 
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Figure 2 
Heat production of living muscle. Tetanically 
stimulated frog sartorius at 0 C. (a) A: isometric 
contraction. B,C, D: 1.2 sec. after start of stimu- 
lus, muscle is released and allowed to shorten vari- 
ous distances (B < C < D) under constant load. 
(b) E: isometric contraction. F, G, H, J: muscle 
is allowed to shorten the same distance under 


various loads (F > G > H > J). (From GHill.*) 


is partitioned between work and heat. Con- 
versely, the rate of chemical reaction can be 
inferred from the rate of total energy pro- 
duction. The trick in devising contraction 
theories is to make the link between mechani- 
eal and chemical processes such that both the 
total energy production and its partition into 
work and heat depend on mechanical motion 
in just the right way. We shall first show 
what the ‘‘right way’’ is, and then describe 
how several models manage to do this. 
Before leaving figure 3, I should like to 
mention that there is independent evidence, 
from certain heat measurements, that this 
representation of the sequence of events is 
close to the truth.® * Perhaps the best justi- 
fication, though, is that it accommodates the 
physiology of muscle very comfortably. 


Energy Production 

How does the rate of chemical reaction 
ehange with the rate of mechanical contrac- 
tion in living muscle? This can be inferred 
from the velocity dependence of the energy 
flux (fig. 4). 

Consider the heat first. You will recall 
that Hill’s heat measurements showed that 
the heat of shortening is independent of 
contraction speed (fig. 2). This means that 
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NET CHEMICAL REACTION = A+M 


contractile 


mechanism 


! ! 


HEAT WORK 
Figure 3 


Scheme for chemical processes associated with 
muscular contraction. 


the rate of heat production must increase 
linearly with speed (fig. 4, open region). 

The rate of work production also depends 
on speed: the dependence can be calculated 
from the force-velocity relation. When the 
muscle does not move (V = 0) it produces no 
work. Also, when it is unloaded (P = 0) no 
work is done. This ties down the ends of 
the work-flux curve (fig. 4, shaded region). 
Adding the heat to the work, we see that the 
total energy flux increases monotonically, but 
not linearly, with speed. The rate of the 
rate-limiting chemical reaction, the one linked 
to the contractile mechanism, must also in- 
crease with speed in exactly the same way. 
To be acceptable, a contraction theory should 
yield this relation naturally and quantita- 
tively. 

Structural Basis of Contraction Theories 

What mechanism regulates muscle chemis- 
try according to speed? The double array 
of filaments revealed in Hugh Huxley’s beau- 
tiful electron micrographs® provides a clue. 
Figure 5 shows the characteristic thick and 
thin filaments.* The thick filaments define 
the A-band. A second set of thinner filaments 
extend from the Z-line, through the I-band, 
into the A-band, there interdigitating with 





*Figure 5 reproduced from H. E. Huxley: J. Bio- 
phys. & Biochem. Cytol. 3: 631, 1957.° By permission 
of the Journal of Biophysical and Biochemical Cy- 
tology. 
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Figure 4 
Relation between energy flux and velocity in living 


muscle. Open region: rate of heat production. 
Shaded region: rate of work production. 


the thick filaments. The part of the structure 
that interests us is diagrammed at the top of 
figure 6. 

Andrew Huxley and Rolf Neidergerke dem- 
onstrated that when living muscle shortens, 
the decrease in length takes place almost en- 
tirely in the light I-bands, the width of the 
dark A-bands remaining constant.® There 
are two obvious ways for this to come about: 
the filaments could slide along each other or, 
after anchoring its ends, the thin filament 
eould shorten by folding (fig. 6). In both 
schemes only the I-band shortens. Also, and 
this is important in what follows, in both 
schemes there is relative motion between the 
2 sets of filaments. This means that if reac- 
tive sites were distributed along both the 
thick and the thin filaments, and if some kind 
of interaction between these sites were stochio- 
metrically linked to the driving chemical re- 
action, the relative motion of the myofilaments 
—and therefore the sites—would provide a 
natural basis for introducing velocity as a 
parameter in the chemical kinetics. 


Implications of Relative Motion: 
Energy Production 


The basic idea is shown in figure 7. Sites 
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D are distributed along the thick filament and 
complementary sites, K, are distributed along 
the thin filament. We 
tion may take place when these sites pass each 
other. 


assume that interac- 


If interaction does take place, a sub- 
strate molecule, M, is used up, and the driving 
chemical reaction proceeds one step.* 


Proximity Time Is Rate Limiting 

To understand the influence of velocity in 
the kinetics of such systems, consider first a 
ease in which the probability of interaction 
depends on the time K spends in the neighbor- 
hood of D: the shorter the time, that is, the 
higher the speed, the lower the probability 
will be. The interrupted line in figure 8 
shows how the probability decreases with 
speed if the K-D interaction is first order in 


*In the following, a helpful mnemonic is to read 
9? 






D as ‘‘ Dragon, K as ‘‘Knight,’’? and M as 


*€Maiden.’’ 
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Figure 5 


Double array of filaments in striated muscle. 


Electron micrograph of longitudinal section 


Hualey.® ) 


time. Since at each interaction the driving 
chemical reaction proceeds 1 step, the inter- 
action probability in a transit of K past D 
will also be proportional to the energy re- 
leased for a given amount of shortening. The 
decrease in this quantity with velocity can be 
interpreted as the Fenn effect. 

To caleulate the number of interactions per 
unit of time, we must remember that the num- 
ber of chances a given K site will have to 
interact with D sites—the encounter rate—is 
proportional to the velocity (dotted line, fig. 
8). The number of successful interactions 
will be the product of the probability and the 
encounter rate (solid line, fig. 8). Both this 
function and the rate of the driving chemical 
reaction in living muscle, caleulated from the 
energetics (fig. 4), depend on velocity in 
We conelude, then, that if 
complementary discrete sites were distributed 


the same way. 


along the 2 kinds of myofilaments, the rela- 
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Figure 6 


Hypothetical mechanisms for muscular contraction. Upper: Configuration of thick and 
thin filaments in resting muscle (after fig. 5). Lower: Change in filament shape and 
configuration in sliding and folding contraction models. 


tive velocity of the myofilaments could con- 
trol the rate of interaction between these 
sites in exactly the same way as it controls 
the release of chemical energy in living 
muscle. 
Filling Time Is Rate Limiting 

A physically different way of describing 
interaction between sites on moving filaments 
focuses on the time spent between, rather 
than at, encounters. In this case we suppose 
that the substrate molecule, M, is carried by 
K past D. If K is loaded with M, an inter- 
action takes place at D, emptying K, regard- 
less of the speed. The rate-limiting step in 
this scheme is the filling of K with another M 
after it has been emptied by D. The filling 
probability will be lower the shorter the time 
spent between D sites, that is, the higher the 
speed. It turns out that if the law for filling 
empty sites is exponential in time, which is 
not unreasonable, the probability factor will 
have exactly the same form as in the previous 
case, in which ‘‘ proximity time’’ rather than 
‘filling time’’ is rate limiting.!° This means 
that there will be no difference in the kinetics 
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THICK FILAMENT 











THIN FILAMENT 


Figure 7 


Distribution of sites along the thick and thin fila- 
ments. See text for explanation. 


of the 2 schemes for steady motions; both 
explain equally well how motion controls the 
rate of energy release. The different structure 
of the schemes will become important, how- 
ever, when we consider velocity and force 
transients. 

The question of whether the thin filaments 
fold or slide during shortening has been side- 
stepped. This could be done because in 
steady motions the mathematics proves to be 
substantially the same for both cases.‘ 


Force 
What generates the contractile force? In 
a sliding model, since the lengths of both the 
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Figure 8 
Chemical kinetics for reaction sites moving with 
relative velocity. V. Interrupted line: probability 
of interaction (rate limited by proximity time) or 
of filling (rate limited by filling time). Dotted 
line: encounter rate. Solid line: reaction rate 
probability X encounter rate. 


thick and thin filaments remain the same, the 
contractile force must stem from mechanical 
interaction between the filaments. In a fold- 
ing model, however, the contractile force is 
generated in the thin filament and its length 
is supposed to decrease during shortening. 
A Sliding Model 

The mechanical and chemical properties of 
a sliding mechanism in which the D site on 
the thick filament has the mechanochemical 
properties diagrammed in figure 9 was worked 
out by Andrew Huxley.''* D oscilates back 
and forth. When the K site passes, it can 
interact with D to form a mechanical connec- 
tion. Since the probability of forming a con- 
nection in a D-K transit depends on the 
relative speed, this is a special case of inter- 
action in which ‘‘proximity time’’ is rate 
limiting. Each connection is, in time, broken. 
One step of the driving chemical reaction is 
associated with each connect-disconnect cycle. 

If D and K connect, the elastic elements 
holding D to the thick filament wil exért a 


*Figures 9 and 10 re yroduced from A. F. Huxley: 
I 

Progr. Biophysics 7: 255, 1957." By permission of 
pay 7. 
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force on the thin filament that is proportional 
to the distance of D from O. If the thin fila- 
ment is moving to the left, connections with 
D to the right of O will make a positive con- 
tribution to the force. Conversely, if motion 
of the thin filament carries D to the left of O, 
a force will be developed that retards the 
motion. 

To develop a net positive force—that is, 
to ensure that there will be a greater number 
of pulling than retarding connections—Hux- 
ley postulates that D can connect to K only 
when it is to the right of O. The rate con- 
stant for breaking a connection also depends 
on x: it is small when D is to the right of O 
but large when it is to the left. 

The force developed by the model depends 
on speed because the number of attachments 
and their distribution about the equilibrium 
position of the D site depends on speed. This 
is shown in figure 10, taken from Huxley’s 
paper.!! The ordinate is the fraction of D sites 
at a given displacement from the equilibrium 
position that are connected to K sites. When 
the filaments do not move, all the connections 
are on the pulling side of the equilibrium posi- 
tion: links can be made only on this side and 
there is no motion to carry them to the other 
side. In steady motion, the number of pulling 
links decreases; the retarding links tend to 
increase, and the force drops. At the maxi- 
mum speed, the pulling and retarding forces 
balance and there is no net force. Huxley 
showed that, as the relative speed increases, 
these shifts in both number and distribution 
of links between filaments can account quanti- 
tatively for the force-velocity relation in liv- 
ing muscle. 

The diagram also shows why there must be 
steady motion for a less-than-maximum force 
to remain constant. Consider the distribu- 
tion of connections when the speed say, is one- 
tenth of the maximum. If the motion should 
stop, after some time pulling links would 
form to the right of O, retarding links would 
open to the left of O, and the net force 
would increase. The original force could be 
re-established by relaxing the pulling links 
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or stretching the retarding links, that is, by 
displacing the ‘‘connection contour’’ to the 
left, which, of course, is what happens when 
the thin filament slides past the thick fila- 
ment. A steady force can be set up only when 
the motion in a given time interval just com- 
pensates for the net increase in pulling links 
formed in that same period. 

The diagram also explains what happens 
if tetanized muscle is quickly released. Before 
release, the links are all in the pulling posi- 
tion, as shown in the distribution at the top 
of the figure. If the muscle is moved so 
quickly that the links do not change their 
points of attachment, the tension will fall 
linearly as the links are carried past the 
equilibrium point and will vanish when the 
distribution becomes symmetrical about the 
origin. Thus the model perdicts that, if mus- 
cle is moved very quickly, the tension will 
drop to zero with a small displacement, which 
is what actually happens.!*: '* This is a simple 
mechanical process and is due to the release 
of strain in the relatively short pulling con- 
nections between the thick and thin filaments. 

Notice that the distribution of links just 
after a quick displacement will be rectangu- 
lar, while the corners are rounded in the 
steady state. Since, for a given tension, the 
motion depends on the shape of the ‘‘con- 
nection contour,’’ this implies that the velo- 
city just after a sudden drop in tension from 
the maximum to some intermediate value will 
not be the same as that after the steady state 
has been established. There should be a velo- 
city transient reflecting the transition of 
‘“‘connection contour’? from a rectangle to 
the steady-state shape. We shall return to 
this point later. 

In summary, in the contraction model ana- 
lyzed by Huxley, the 2 sets of myofilaments 
slide past each other. The sliding motion 
arises from mechanical interactions between 
complementary sites. The chemistry of the 
system reflects the mechanical motion, since 
each mechanical interaction is coupled to a 
chemical reaction. The model explains re- 
markably well the structural and energetic 
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Figure 9 
Mechanochemical element in sliding model of <A. 
F. Husley. x is distance of thin (actin) filament 
site, K, from equilibrium position of thick (myo- 
sin) filament site, D. See text for further explana- 
tion. (From A. F. Hualey."4) 


changes that take place during contraction. 
The least satisfactory element in it is the 
rather special nature of the hypothetical 
mechanochemieal sidepieces on the thick fila- 
ments, the ‘‘pullers.’’ However, ‘‘it is not 
difficult for Nature to do things in ways which 
seem unduly complicated to physiologists.’ 
A Folding Model 

In a folding model the contractile force 
arises from a change in state of the thin fila- 
ments; the thin filaments become elastic, like 
a rubber band. To make such a model work, 
we must assume that force is generated when 
a substrate molecule, M, binds to (or reacts 
with) the thin filament at a K site and that 
the magnitude of the force is proportional to 
the number of occupied K sites.14 The force 
could arise from an ‘‘electrostatic entropic’ 
process, as has been eloquently argued by 
Morales and Botts,’° or from a ‘‘polymer 
melting’’ process, as suggested by Pryor? 
and by Flory." 

In an ‘‘electrostatic entropic’’ process, a 
rubber-like filament is stretched out by the 
mutual repulsion of distributed, electrically 
charged groups. At the equilibrium length, 
the entropic force tending to shorten the fila- 
ment is just balanced by the electrostatic 
force tending to extend it. If some of the 
charged groups were neutralized by the bind- 
ing of oppositely charged molecules, the net 
electrostatic force would decrease and the 
filament would tend to shorten; if length were 
kept constant, foree would be developed. 

In a ‘‘polymer melting’’ process, the fila- 
ment is initially extended by structural forces, 
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Distribution of links between thick and thin fila- 
ments in steady motion of sliding model of A. F. 
Husxley: n is fraction of D sites at a distance x 
from the equilibrium position that are connected to 
K sites; V is relative velocity; h is maximum value 
of x (see fig. 9). (From A, F. Hualey."") 


such as those that coordinate a crystalline 
solid. When a critical temperature is reached, 
the crystalline structure ‘‘melts’’ and the 
polymer becomes like rubber. In this state, 
if kept isometric, the filament will exert con- 
siderable force. The dotted line in fig. 11 
shows such a phase transition for an ideal 
crystalline polymer. The melting temperature 
will be changed if substances bind to (or 
react with) the polymer; the change will de- 
pend on the extent of the binding. 

Sharp phase transitions are characteristic 
of the ideal crystalline polymer. Melting 
curves or real polymers are often more grad- 
ual (solid line, fig. 11) ;'* however, in this 
case too the curve can be shifted by an amount 
that depends on the extent of binding. Now, 
if temperature is kept constant (T = 7) and 
the extent of binding varied, the extent of 
melting will vary. If length is kept constant, 
the force will increase with binding. 

Degree of melting in this process is analo- 
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gous to charge neutralization in the electro- 
static-entropie process; both unlock the rub- 
ber-like properties of the polymer. The 
essential features are that (a) force is gen- 
erated in a single filament which can shorten 
by folding and (b) force can change accord- 
ing to the number of small molecules bound 
to (or reacted with) the filament. 

A considerable amount of muscle physi- 
ology follows naturally from this hypothesis 
if we suppose, further, that there are sites 
on the thick filament that remove the force 
generating molecules from the thin filament 
by interacting chemically with them as they 
move by. In other words, we suppose that 
there are interactions between the 2 sets of 
filaments in which ‘‘filling time’’ is rate limit- 
ing. We have already shown that this scheme 
yields up the correct answers for the relation 
between rate of energy production and 
speed.* 

To explain how the force-velocity curve 
comes out, consider figure 7 again. Suppose 
the force is a third of the maximum. Then 
1 binding (K) site out of 3 will be filled; 2 
out of 3 will be empty. A substrate molecule 
from the environment will, in time, find its 
way to one of the empty sites. When the site 
fills, the force in the filament will rise above 
that of the load. To re-establish mechanical 
equilibrium, the filament will shorten by fold- 
ing until 1 of the filled sites passes a D site, 
which removes an M so that the force will 
again be a third of the maximum. The process 
will be repeated when another binding site is 
filled. In the steady state, with many sites in 
the game, the rate of motion will be such that 
the emptying of full K sites passing D sites 
is just balanced by filling of empty K sites. 
The force is the average occupancy of the K 


*The energetics of steady motion does not depend 
on whether ‘‘filling time’’ or ‘‘proximity time’’ is 
rate limiting. However, in the latter case (as was 
used in an earlier version of the folding model''), 
it can be shown that the model does not accommodate 
the drop in foree after quick release from tetanic 
tension. On the other hand, if ‘‘filling time’’ is 
rate limiting, the folding model behaves ‘‘ properly ’’ 
upon quick release. 
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sites; the dependence of the average occu- 
paney on velocity is the force-velocity relation. 
This turns out to be the same as that in living 
muscle. 

What happens when a muscle exerting 
maximum tension is suddenly released? (You 
will recall that in the sliding model, because 
the ‘‘pullers’’ relaxed, the tension dropped 
linearly with shortening.) In this case, if 
the motion is quick relative to the filling time, 
full K sites will be rapidly emptied by re- 
acting chemically with passing D sites, and 
the tension will drop. The tension will fall 
linearly with distance only until the force 
reaches half maximum. Then, because short- 
ening is by folding rather than by sliding, 
it can be shown that further motion will lead 
to a proportionately smaller drop in foree, 
which is what happens in living muscle.’ 

As in the analogous situation in the sliding 
model, just after a quick drop in force, the 
distribution of filled sites along the filament 
is not the same as it will be somewhat later, 
after the steady state is established. This 
means that the isotonic velocity after quick 
release from tetanic tension will generally 
be different from the later steady velocity. 
Some time must pass before the velocity set- 
tles down to the characteristic steady value. 


Mechanical Transients 

We made a series of experiments to look 
for this transition phase.'* The study was 
made with tetanically stimulated frog sarto- 
rius at 0 C, (fig. 12).* The upper trace is 
displacement of one end of the muscle and the 
lower trace is force at the other end. After 
full tension was developed, the force on the 
muscle was suddenly lowered to, and then 
maintained at, a given value. Each set of 
traces is for a different final value of the 
force. The insert (fig. 129) is a control with 
the muscle replaced by a simple spring. 

Three regions are of interest. To the left 
of the vertical line we see the quick release 
phenomenon. The muscle is 35 mm. long; 
the tension drops to nearly zero when the end 


*Figure 12 reproduced from Podolsky: Nature 
188: 666, 1960.° By permission of Nature. 
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Figure 11 


Tension development according to “polymer-melt- 
ing” process. Interrupted lines: melting curves for 
ideal crystalline polymers; solid lines: melting 
curves for real polymers. The melting tempera- 
ture decreases with the extent of binding (or re- 
action) of substrate with the polymer filament. 


moves less than 2 per cent of this length (fig. 
12f). Depending on which model we favor, 
this could be either relaxation of pulling links 
or emptying of binding sites. Hill found a 
burst of heat during the quick release, which 
he attributed to a high thermoelastic coeffi- 
cient of what in the sliding model corresponds 
to the pulling spring.!® An alternative inter- 
pretation is that a chemical rather than a 
physical process is associated with the loss of 
tension, as is the case in the folding model. 
This interpretation also agrees with the studies 
of the insect physiologists, who invoke ‘‘in- 
activation by release’’—as opposed to ‘‘relaxa- 
tion by release’’—to explain the very high 
frequency movements of certain insect mus- 
cles, such as those driving the noisemaker of 
the locust.?° 

At each force, the velocity ultimately set- 
tles down to the characteristic steady value: 
the lower the force, the more rapid the motion. 
(The force-velocity curve in figure 1 was 
drawn from these data.) The remarkable 
linearity of the displacement traces supports 
the idea that the motion is controlled by a 
feedback mechanism. 

The interesting findings in these experi- 
ments are the variations in speed (to the 
right of the vertical line) before the velocity 
settles down to the steady value; there is a 








characteristic isotonic velocity transient for 
each tension step. One contribution to these 
transients is the variation in velocity corre- 
sponding to the setting up of the steady state 
of motion in the contraction models we have 
diseussed. However, since the experiments 
were made with the whole sartorius muscle, 
there is also a contribution due to the inter- 
action of muscle fibers of different lengths. 
To sort out these 2 components of the tran- 
sient seen in the intact muscle, we are repeat- 
ing these experiments with preparations 
containing only a few fibers; this should re- 
duce the contribution of fiber interaction. 
We are also calculating the transients pre- 
dicted by the sliding and folding contraction 
models, to see which model accommodates the 
experimental data better.* In these studies 
attention is focused on the approach to the 
steady state of motion rather than on the 
steady state per se; then the contraction kinet- 
ics of the 2 models ean be distinguished. 


Conclusion 
In summing up, I should like to point out 
that the contraction theories work because of 
2 basic assumptions. The first—and this can 
really be elevated to the status of fact rather 
than assumption—is that the 2 sets of myo- 
*This study is being made in collaboration with 
Dr. N. Z. Shapiro of the National Institutes of 


Health. 
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Figure 12 


Response of muscle to a sud- 
den change in force. Upper 
trace: displacement; lower 
trace: tension; frog sartorius, 


2 


standard length = 35 mm., 
0 C. Muscle is initially at the 
standard length and the rec- 
ord is started after full tetanic 
force, Paz, has developed. 
P/?,.,: 48) 0.84 (b) 0469 
(ec) 0.55 (d) 0.40 (e) 0.26 
(f) 0.10. In (g) the muscle 
is replaced by a simple spring. 
(From Podolsky.*8 ) 


filaments move relative to each other in short- 
ening. The second is that the flux of chemical 
energy through the contractile mechanism is 
limited by interactions between complemen- 
tary sites distributed along the 2 sets of 
filaments. 

Two models were fitted to these ideas. They 
differ largely in the mechanism by which force 
is generated. In the sliding model, force is 
developed by mechanical interaction between 
filaments and there is no change in filament 
length during shortening. In the folding 
model, force is developed in a single filament, 
which shortens during contraction. In both 
models there is interaction between the me- 
chanical motion and the force-generating 
mechanism. Chemical processes tend to in- 
erease the mechanical force: in the sliding 
model, pulling connections are made; in the 
folding model, binding sites, which generate 
force if filled, become filled. If the load is 
constant, these processes tend to create a me- 
chanical imbalance which, however, can be 
righted by shortening: in the sliding model, 
pulling connections become weaker; in the 
folding model, binding sites are emptied. 
Chemical and mechanical equilibrium are 
incompatible for forces less than full tension. 
However, since shortening tends to inactivate 
the force generator, a _ less-than-maximum 
force can be maintained if there is steady 
motion. Conversely, if the load is less than 
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the maximum force that can be generated, 
there will be steady shortening. This is the 
foree-velocity relation. 

Comparing the models with living muscle, 
both of them quantitatively account for the 
changes in force and energy flux with velo- 
city. The quick-release phenomenon is also 
accommodated: mechanically in the sliding 
model and chemically in the folding model. 
Both predict, at least qualitatively, the iso- 
tonic velocity transients that can be seen after 
quick release from tetanic tension. 

This list of accomplishments suggests that 
some of the devices used to get them might 
actually be built into living muscle. 
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The Regulation of Metabolism and Energy 
Release in Contracting Muscle 


By Wicrriep F. H. M. Mommaerrts, PH.D. 


A brief review has been given of our present knowledge of the nature of the chemical 
events coupled with muscular contraction. Although there are experiments that fail to 
demonstrate a breakdown of ATP in the contraction of living muscle, these may yet yield 
to special explanations, leaving the conclusion that a breakdown of ATP is the reaction 
most closely related to the mechanical activity of the contractile structure. Owing to a 
rapid rephosphorylation reaction, this event appears in the form of a breakdown of 
phosphocreatine. The amount of energy liberated in contraction may be written as the 
sum of 3 quantities (a) actfvation energy, (b) shortening energy, and (c) work. It 
appears that, chemically, these correspond to 3 distinct quantities of phosphocreatine break- 
down. The matter is complicated by the fact that the activation energy is not constant 
but may diminish as the muscle shortens. This may be little noticeable in frog sartorius 
muscle (dependent on the treatment) but appears to be pronounced in the heart, where it 


leads to the classical observation that work 


against a high pressure is performed less 


efficiently than work raised by ejections of an increased volume. 


N MORE THAN one respect, this oppor- 

tunity to discuss the biochemical origin 
of muscle energy, and the mechanism of the 
regulation of its release, comes at an incon- 
veniently early moment. I would have pre- 
ferred to postpone it until after the com- 
pletion of some of our current lines of 
experimental work. However, there is no 
certainty that this work will be successful 
within the foreseeable future; and it may 
be of interest to the audience to discuss the 
present status of the question and to present 
our preliminary views and the remaining 
formidable problems, as we now see them. 

Most of our knowledge about the problem 
at issue has been obtained through the myo- 
thermal studies of A. V. Hill, and it may be 
well to give a brief outline of these first. 
The significance of such measurements is that 
they give a complete accounting of the total 
energy that is mobilized, as far as this is 
not turned into external work; the latter can 
be measured mechanically—or also thermally 
if at the end of the contraction the work is 
returned to the muscle (i.e., if the lifted load 
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falls back while stretching the muscle) and 
so warms it up by an amount equal to the 
work done originally.* Furthermore, the myo- 
thermic method also allows us to establish 
the time course of energy liberation to a de- 
gree with which biochemists may eventually 
hope to catch up, but certainly have not done 
so yet. Thus, it has been established that, 
in a strictly isometric contraction, a definite 
amount of energy is liberated during the 
contraction phase of the cycle; this energy 
is called the activation heat A, or, alternative- 
ly, the maintenance heat, especially in the case 
of a tetanus when one emphasizes the main- 
tenance rather than the initial establishment 
of the active state. 

*That the work done upon a relaxing muscle 
appears quantitatively as heat is not as self-evident 
as it might seem. One expects this when work is 
dissipated by friction, as in one of the Joule 
experiments, but not, e.g., when the lead is hung 
on a_ steel wire which cools when so_ stretched 
reversibly, because of the preponderance of the 


6U z : 
energy term _ in the equation: 
L 


(a). 1%). +2 %) 


In the case of relaxing muscle, the equality would 
indicate either that the dissipation of work in 
relaxation is completely irreversible, or that in this 
equation the entropy term predominates, i.e., that 
the relaxing muscle is a fairly perfect rubber. 
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Again, we have the fact that, when the 
muscle shortens, there is a liberation of an 
additional amount of heat, strictly propor- 
tional to the shortening AL, which is called 
the shortening heat. Finally, there is the 
fact that any work that is being done is in 
addition to these two heat quantities: a mus- 
cle lifting a load will first develop the activa- 
tion and shortening heat corresponding to the 
distance shortened, and the work F X AL is 
in excess of this, appearing as heat when, in 
relaxation, the muscle is stretched by the 
falling load. Thus, we can group the ener- 
gies into two categories: the ‘‘overhead’’ 
needed for the activity of the mechanism, 
and the actual work added to this without 
further heat effects. These statements, which 
we owe primarily to the classical papers by 
Fenn!? and Hill,*;+ can be summed up as: 

=(AH) =A+aeAL+ W (1) 

In relaxation, apart from any external 
work being returned to the muscle, there is 
no measurable heat production or uptake; 
this lack is commonly regarded as evidence 
that relaxation is, energetically, passive and 
not coupled with chemical reactions. Such 
a view requires some elaboration because 
(apart from the fact that the thermoneu- 
trality of relaxation may be due to a coin- 
cidental cancellation of the heat effects of 
several processes, which we cannot affirm or 
deny), if the activation of the working sub- 
stance is exothermic, why is not the opposite 
process endothermic? A comparison may 
make this clearer. Let us consider the cycli- 
eal synthesis and breakdown of glycogen, 
pretending, with relatively small error, that 
the reversible transformation glycogen 22 
glucose-l-phosphate is thermoneutral: 


glycogen UPD 2P 


Pi 
fie 


glucose-l-phosphate | + UTP 2ZUDPG + PP 


Here, the reactions on the left side are 
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reversible, although in practice, under actual 
circumstances in muscle, it would proceed in 
the direction of glucose-l-phosphate forma- 
tion (which in our analogy will be compared 
with the contractile material at rest). To 
make glycogen (here representing active 
muscle), we have to couple the process with 
the exothermic break-down of UTP, in anal- 
ogy with the activation of muscle by the 
breakdown of ATP (see below). Thus we 
can have a cycle in which glycogen synthesis 
(‘‘activation of muscle’’) is exothermic, 
glycogen breakdown (‘‘relaxation’’) about 
thermoneutral. The analogy breaks down, 
of course, among other things, because the 
active muscle can perform work and, when 
doing so, consumes more of the associated 
exothermic reaction. It suffices to illustrate 
the main point, however: activation is 
coupled with an exothermic biochemical 
process; relaxation is not, to our knowledge, 
coupled with anything. In more general 
terms, let us consider an energy-yielding re- 
action such as ATP breakdown, with its heat 
effect AH, coupled with a transformation 
A-B in activity, while the reversal BoA 
takes place in relaxation without associated 
chemical reaction. Now, the laws of thermo- 


chemistry require that the total AH of the 


energy-supplying reaction appear at the end 
(apart from unreversed external work), re- 
gardless of the specific nature of the 
A—B-—-<A processes. But if A—B and its 
reversal have themselves a finite heat effect, 
this would add itself to that of the coupled 
reaction in contraction, and appear with the 
reversed sign in relaxation. Hence, unless 
we are misled by a coincidence, the observa- 
tions indicate that the transformations with- 
in the working substance, while coupled with 
an extraneous exothermic reaction, are ap- 
proximately thermoneutral. 

Since this conclusion will need consider- 
able scrutiny, we shall not attempt to ex- 
plore its full scope. It will merely be used 
to introduce the following problem: if the 
energy for each of the manifestations of mus- 
eular activity is derived from a coupled re- 
action, it would be important to establish a 
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complete biochemical energy balance for 
these events. Specifically: is it possible to 
assign definite amounts of chemical change 
with each of the three entitles A, a * Al, and 
W, and are these entities associated with 
different reactions, or with separate quantities 
of the same reaction? 

Before proceeding further, however, we 
must first decide what reactions are available. 
In previous periods, there has been much 
discussion about inogen, lactic acid, phos- 
phorylereatine and—more recently—K-Na ex- 
change, and direct oxidative energization ; 
but more and more compelling, if not en- 
tirely direct, evidence points toward the role 
of ATP as the primary energy donor. The 
foundation of the ATP theory is very strong, 
indeed (as I have expressed elsewhere*), it 
differs from all previous theories by the fact 
that it has a foundation. Yet, an assump- 
tion that is so basic requires direct experi- 
mental proof, and here we find ourselves in 
a peculiar state of uncertainty. Some years 
ago, Fleckenstein et al. and Davies,®* and 
I® ® showed that after a rapidly interrupted 
contraction it was not possible to detect a 
diminution of ATP or of phosphorylereatine 
(PC), which might have reversed a primary 
ATP breakdown. We should not regard this 
evidence as proof that the ATP theory is 
false. On the one hand, Carlson and Siger! 
have recently implied that our early experi- 
ments were simply in error; although I do 
believe that they were well performed, I also 
feel that a good deal more work is needed 
to elucidate the various aspects of the prob- 
lem. On the other hand, there is a good 
possibility that, in such experiments, a pri- 
mary breakdown of ATP may be concealed 
by a minor amount of another phosphoryl 
donor. We (as well as Davies et al.) are 
now able to detect consistently a liberation 
of inorganic phosphate early ‘in contraction 
of frog sartorius muscles. In our current 
experiments, this release of energy is corre- 


lated with an equivalent formation of crea- 
tine (in complete agreement with the ATP- 
PC theory); but in an earlier recent series 
the PC breakdown was not demonstrated, and 
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there was often a diminution of a highly 
labile phosphate compound, XP. Moreover, 
in our current series, XP is present but does 
not change; in the immediately preceding 
series XP was absent. It seems best to defer 
judgment until more experimental work has 
been done. Meanwhile, I should like to 
maintain, as did Hill’? in 1950, that a con- 
cept of such paramount significance cannot 
be accepted as final until it is based upon 
direct proof. 

It is clear, on the other hand, that during 
more prolonged activity, e.g., in a series of 
twitches or of brief tetani, a breakdown of 
PC does occur. This breakdown of PC pre- 
sumably reflects a primary breakdown of 
ATP, although, strictly speaking, this rela- 
tionship has not yet been shown to apply 
to living muscle, since the ATP does not de- 
crease until after a sizeable decrease in PC. 
Without belittling the primary role of ATP, 
we shall present our work in terms of PC 
breakdown, because that is what we measure 
and because it is this breakdown that con- 
tributes to PC reaction heat. It is_ best 
demonstrated with iodoacetate-poisoned mus- 
cles studied anaerobically, because in such 
muscles there is no possibility of a resyn- 
thesis of PC. 
then oceur: 

PC>-P + C (2) 
PC + (hexose)—hexosephosphates + C (3) 
Dependent upon the circumstances, reaction 
(2) or (3) may predominate. Work at low 
temperature suppresses (3) and this is ad- 
vantageous because, once phosphorylation of 


The following reactions may 


glycogen occurs with the P formed in re- 
action (2), there may also be further phos- 
phorylation of fructose-6-phosphate at the 
expense of more PC; the latter reaction is 
not connected with mechanochemical activity 
and therefore contributes an error to the 
measurement of the PC that is broken down 
and mechanically utilized. Reaction (3) is 
not always fully suppressed at 0 C.: 
extensive series in which it was not sup- 
pressed we could establish that its occurrence 
is not correlated with shortening and work. 
In other experiments that showed only re- 


in an 
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action (3), shortening and work went on just 
as well. This leads to the first conclusion: 
variations in energy produced in the three 
categories A, a * Al, and W, are not derived 
from different reactions, but all result from 
the breakdown of PC according to reaction 
(2). The question is then: can we detect 
various parcels of PC breakdown that cor- 
respond quantitatively with A, a * AL, and 
WwW? 

We have devoted a great deal of time to 
the following experiments: of each pair of 
muscles, one served as the resting control, the 
other performed, e.g., 12 tetanic contractions 
against a certain load; the shortening AL 
was measured, and the PC breakdown de- 
termined from the difference in composition. 
A number of such results were then plotted 
as chemical change per gram per contraction 
against the shortening per length. If the 
results would conform to equation (1), a 
plot as in figure 1, curve A would result. 
The actual findings displayed a dismaying 
amount of seatter, and their graphic repre- 
sentation supplied a perfect illustration of 
Fisher’s!*® dictum: ‘‘ Diagrams prove nothing, 
but bring outstanding features readily to the 
eye; they are therefore no substitute for such 
critical tests as may be applied to the data, 
but are valuable in suggesting such tests, 
and in explaining the conclusions founded 
upon them.’’ Such eritically designed ex- 
periments are now in progress, but at this 
early stage we shall have to see what we can 
do with the older data. 

One thing is quite clear at the present 
stage: muscles contracting against a moder- 
ate load, and so doing about optimal isotonic 
work, decompose more PC than do muscles 
that are not performing work. Hence, the 
biochemical counterpart of the ‘‘Fenn ef- 
fect,’’ the factor W in equation (1), seems 
to have been demonstrated, although I would 
postpone a quantitative discussion until the 
termination of properly designed and evalu- 
ated paired experiments. Also, we find that 
at zero shortening, the activation metabolism 
A is of the order of 0.3 micromoles per gram 
per contraction, in good agreement with our 
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SHORTENING, CM PER CM LENGTH 
Figure 1 


Diagram of the possible dependence of the total 
energy liberation upon the shortening of stimu- 
lated muscle, as determined by the isotonic load. 
In curve A, the energy at any given degree of 
shortening consists, as in formula (1), of the 
activation heat A,, the shortening heat a* AL, and 
the work W. In curve B,a* /\L and W appear as 
before, but the activation heat (A), is variable 
and diminishes with the resulting length of the 
muscle. 


original estimates’ and with other recent 
experiments.'° But as to the factor a * Ah, 
the situation is less satisfactory. Not only 
was the variation of the points too great to 
estimate the actual course of the curve, but it 
appeared that, in the region of maximal 
shortening, the scatter exceeded the limits 
that could reasonably be expected from the 
variability between two muscles of a pair. 
Indeed, direct comparisons between maximal 
and small shortening (with roughly the same 
amount of work) even showed that the 
shortening muscles in certain series decom- 
posed less creatine than the nonshortening 
ones, contrary to expectation and contrary 
to the results of larger experimental series.* 

While further direct experimentation along 
these lines will establish the direct biochemi- 
cal evidence, some insight already exists into 
the reason for the variable results. First, 





*This unexpected result, on the other hand, seems 
to have been the rule in the parallel work by F. D. 
Carlson of Johns Hopkins University. Neither his 
nor our work has been published, but both have 
mentioned these matters at several scientific meetings. 
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in equation (1), we assumed that A is a 
constant. However, we know from Aubert’s 
work that this is not the case: in addition 
to being determined by a time factor that 
we have assumed to be constant, A depends 
on the length, or primarily upon the tension 
of the muscle ;* and while over certain ranges 
(such as those preferably employed in Hill’s 
1938 study*) the variation of A is small, A 
is, in general, much less in a muscle that is 
shortened to well below the natural length. 
Therefore, we must write: 

>(AH) = (A)z + a* AL + W, (4) 
Curve A in figure 1 can then only occur if, 
in a special situation, A is constant. If, on 
the other hand, the change in A upon short- 
ening is considerable (or if a is less than 
usual), a maximally shortening muscle may 
well produce less heat, and engage in less 
metabolism, than an isometrically contract- 
ing one: 

A; > (A)vq +a? AL (0) 
In such ease we would obtain curve B of 
figure 1. The literature is not explicit in 
this respect. According to Hill,* A does not 
seem to vary greatly in the experiments on 
which the concepts were derived (but see 
Hill’ pp. 169-170), but recent calorimetric 
results by Tigyi,’® and a sleight-of-hand ex- 
trapolation one can make of some of Fenn’s! 
curves, as well as the data of Nachmansohn 
(Tables X and XI'"), are in accordance 
with equation (5). Our own exploratory 

*In making this distinction between length or 

tension as the determinant variable, I am not alluding 
to the inquiry whether muscle is primarily a tension- 
or a shortening-generator, since I do not know if 
this is a valid question. The distinction appears when 
we try to estimate the maintenance heat of a muscle 
during shortening or stretch. Should one study the 
change in length from point to point and take the 
corresponding value of A from an_ empirically 
determined plot of A against L? Or, should one 
take the A associated with the prevailing tension 
(which in turn depends on the velocity dL)? In 
Aubert’s experiments, A depends linearly on the 
tension; this relationship is one of the reasons why 
we tend to favor the latter decision. Whatever the 
final decision, it is clear that, with respect to the 
maintenance of heat, the distinction assures a real 
operational meaning. 


MOMMAERTS 


results show that the quantitative relation- 
ships may differ from muscle to muscle, al- 
though more instances, so far, have been in 
the direction of curve A than of curve B. 
Clearly, there can be any number of inter- 
mediate cases between the extremes of equa- 
tions (1) and (5). Therefore, it is likely 
that our erratic results, and those with the 
opposite tendency of Carlson, are in full 
agreement with equation (4), meaning that 
each of the terms: activation, shortening, and 
work energy, are associated with a definite 
quantity of the same overall reaction: PC-> 
P+ C. But the accurate establishment of 
these relationships (including the parallel, 
but not necessarily symmetrical, case of nega- 
tive work) will still require a great deal of 
painstaking work. 

Believing that there should be a balance 
between experimental and theoretical work, 
I am not tempted at this moment to speculate 
on the mechanisms by which the muscle de- 
termines how much biochemistry to call upon 
during a given act of activity. There are 
many facets to this. On the one hand: what 
causes metabolism to be so greatly intensi- 
fied? It is not entirely a matter of its being 
irrevocably coupled with the mechanical 
change that is elicited by stimulation, be- 
cause it is known that metabolism can be 
greatly accelerated, without a corresponding 
increase in mechanical activity, by raising the 
external K concentration (an effect that re- 
quires the presence of Ca, just as excitation- 
contraction coupling does'*). On the other 
hand, what determines the quantity of energy 
that is mobilized? That the activation en- 
ergy depends on length and that a shortening 
energy does oceur are not beyond imagina- 
tion, since changes in length do involve a 
change in some configuration. Although it is 
harder to visualize the mobilization of extra 
energy for work, even the mystery surround- 
ing this problem might disappear if it were 
formulated in different terms, e.g., relating 
the rate of energy production to the velocity 
and extent of shortening. 

Finally, it may be stated that, while the 
present uncertainties, not only of the experi- 
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METABOLISM AND ENERGY RELEASE 


mental results but even of the theoretical 
expectations, may be disturbing, it has its 
tranquilizing aspects as well. A good deal 
of thought has probably been given lately 
to the problem of harmonizing certain prop- 
erties of the myocardium (e.g., the lower 
‘‘efficiency’’ when working against high 
pressure, 1.e., at lesser shortening, than when 
the same work is done by ejecting a large 
volume of blood against a low resistance) 
with the ‘‘Hill laws’’ formulated in equa- 
tion (1); these efforts have largely remained 
unpublished, probably because they were un- 
succesful. The independent variability of 
the parameters of equation (4) enable us to 
treat such different cases by the same ap- 
proach; this independence also suggests that 
the separate study of A as a function of the 
conditions, and of a and W, in conjunction 
with other dynamic quantities and with their 
metabolic correlates, will be a rich field for 
future investigation. 

So viewed the present status of the field 
is not really disappointing; it is merely that 
we have looked upon the matter from too 
simple a viewpoint. The inability to obtain 
prompt answers has, at least, caused the prob- 
lems to be formulated more realistically. 
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High Energy Phosphates and the Force of 
Contraction of Cardiac Muscle 


By Rosert F. Furcueott, Po.D., anp Kwane Soo Lee, M.D., Pu.D. 


This paper reviews studies performed by the authors and by others on the levels of high 
energy phosphate compounds—adenosine triphosphate (ATP), adenosine diphosphate (ADP), 
and creatine phosphate (CP)—of cardiac muscle under various conditions influencing 
contractile force. Interference with energy metabolism decreases both contractile force and 
high energy phosphates, especially CP. Certain types of experimental ‘‘failure’’ are associated 


? occur without 


with decreases in high energy phosphates; however, other types of ‘‘ failure’ 
significant decreases in these phosphates. In addition, marked decreases or increases in 
contractile foree, independent of significant changes in high energy phosphates, can be 
produced by drugs, by changes in heart rate, or by alterations in extracellular concentrations 
of cations. A decrease in force when levels of high energy phosphate are normal may be 
attributed to a deficiency in the utilization of these energy stores for mechanical work. The 
nature of this deficiency has been analyzed in isolated cat papillary muscles by simultaneously 
determining the activity oxygen consumption and contractile force per beat. In the ease 
of decreases in contractile foree due either to reduced heart rate or to spontaneous heart 
failure, the deficiency may be attributed almost completely to a loss in efficiency in the 
conversion of chemical energy in the high energy phosphates to mechanical energy (work). 
Cardiac glycosides, in restoring contractile force, do so by restoring the efficiency of this 
conversion. In the ease of decreases in contractile force resulting from lowered extracellular 
Ca**, the deficiency may be attributed partly to a loss of efficiency in this conversion and 


partly to a reduction in amount of high energy phosphate utilized per beat. 


[’ IS NOW generally agreed that the ener- 
gy for muscle contraction comes either 
directly or indirectly from the splitting of 
high energy phosphate bonds. Although 
there may be other compounds that account 
for a small percentage of the total high ener- 
gy phosphate bonds of cardiac muscle, it is 
reasonably certain that 90 per cent or more 
of such bonds oceur in adenosine triphosphate 
(ATP) and ereatine phosphate (CP).'? In 
cardiac muscle under steady-state conditions, 
it may be assumed that the rate of utilization 
of high energy phosphate bonds for mechani- 
cal work and for other processes in which free 
energy is required is balanced by the rate 
of resynthesis of high energy phosphate 
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bonds as a result of the coupling of phos- 
phorylation with metabolism of food stuffs, 
primarily oxidative metabolism. If the ener- 
gy for contraction is derived from high 
energy phosphate bonds, then it might be 
expected that some correlation could be 
found between the level of the principal high 
energy phosphate compounds in heart muscle, 
namely ATP and CP, and the strength of 
contraction. The first part of this paper 
will deal with the results of experiments car- 
ried out in the laboratories of the authors, 
as well as in other laboratories, to investi- 
gate the relationship between high energy 
phosphate content and the _ contractile 
strength of cardiac muscle. The inescapable 
conclusion to be drawn from these results is 
that under many conditions which markedly 
alter the contractile strength of heart muscle 
there is no corresponding alteration in the 
levels of high energy phosphate compounds. 
These results have led us** to postulate, as 
Wollenberger® did previously, that decreases 
in strength of cardiae contraction under 
many experimental conditions are not due 
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Table 1 


Concentrations of Inorganic Phosphate, Creatine Phosphate, and Adenine Nucleotides in Mammalian 
Cardiac Muscles 


Concentration in 1.M/Gm. tissue 











Cardiac tissue analyzed IP CP ATP ADP AMP ____ Reference 

Dog left ventricle (apex) in situ 1.9 12.8 5.7 — — Wollenberger et al., 1960? 

Dog left ventricle of HLP 526+ 762+ 43° — — Fawaz and Tutunji, 1957** 

Cat ventricle (apex) in situ 57% 82-4 389 0.69 0.19 Fleckenstein et al., 1959° 

Cat papillary musele in vitro 3.2 7.04 3.81 0.22 0.17 Lee et al., 1961” 

Rat ventricle in situ 3.8 6.8 4.12 0.71 0.53 Fleckenstein et al., 1958°* 
Rabbit left ventricle in situ 1.9 8.2 — —— = Wollenberger et al., 1960° 
Guinea-pig left ventricle in situ 2.0 10.9 — —- _- Wollenberger et al., 1960° 
Guinea-pig left ventricle in situ 3.71 8.38 5.59 0.64 0.34 Feinstein, 1960’ 

Guinea-pig left ventricle in situ 1.66 7.20 3.48 1.02 _- Hochrein and Déring, 1958° 
Guinea-pig left ventricle, HLP 2.78 7.01 3.15 0.88 — Hochrein and Doéring, 1958" __ 
Guinea-pig left atrium in vitro, 37° 6.24 4.19 2.41 0.43 .23  Furehgott and de Gubareff, 1958° 
Rabbit atria in vitro, 30° 4.3 3.9 2.21 0.28 0.31 Fleckenstein et al. 1959° 














*Estimated from acid-labile phosphate, assuming 90% arises from terminal phosphates of ATP. 


tFigures probably reflect some conversion of CP to IP during freezing procedure. 


to a deficiency of high energy phosphate 
stores but to an impairment or deficiency in 
the utilization of such stores for contraction. 

Deficiency in utilization of high energy 
phosphates for contraction may result from 
a lower rate of utilization per contraction at 
essentially normal efficiency for conversion 
of phosphate bond energy into mechanical 
energy ; an essentially normal rate of utiliza- 
tion per contraction at decreased efficiency ; 
or a combination of these 2 conditions. The 
last section of this paper will be directed at 
the problem of the nature of the deficiency 
in the utilization of chemical energy for 
contraction under certain experimental con- 
ditions that lead to marked alterations in 
strength of contraction with small or in- 
significant changes in high energy phosphate 
content. 
Levels of High Energy Phosphate Compounds 
Under Control Conditions 

Over the past 10 years the reported levels 
for high energy phosphate compounds in 
cardiac muscle, especially that of CP, have 
risen considerably. This is in large part 
due to the development of more refined pro- 
cedures for the determination of these com- 
pounds—with better methods being applied 
not only in the analyses of extracts of cardiac 
muscle but also in the quick-freezing of the 
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tissues and in the extraction of powders made 
from the frozen tissues.1-* *® Table 1 pre- 
sents data obtained by ourselves and a num- 
ber of other investigators with procedures 
that we feel give reasonably accurate values 
for the steady-state levels of CP and ATP, 
as well as of inorganic phosphate (IP), 
adenosine diphosphate (ADP), and adeno- 
sine monophosphate (AMP). Some of these 
values apply to hearts in situ, some to heart- 
lung preparations (HLP), and some to iso- 
lated, beating cardiac preparations in vitro. 
All of the preparations were under control 
conditions in the sense that contractile 
strength was at a study level and there was 
no indication of ‘‘failure.’’ 

Table 1 shows that ventricular muscle CP 
ranges from about 7 to 12 micromoles/gram 
and ATP from about 3.5 to 5.5 micromoles/- 
gram. The levels of ADP are much lower 
than those of ATP, ranging from about one- 
fourth to one-twentieth of the latter in the 
different preparations. The differences in 
the levels of both ATP and CP reported by 
different authors probably are due in part 
to the use of somewhat different procedures 
and in part to actual differences in levels 
among species. It would appear that in 
heart-lung preparations and in isolated papil- 
lary muscle in good physiologic condition, the 
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Figure 1 

The effect of acute asphyxia and subsequent recovery from asphyxia on creatine phos- 
phates and ATP in guinea-pig heart in situ. Each pair of points at any given time 
represents levels in a single animal, except for pair of points at zero time, which repre- 
sents mean levels in control animals. Asphyxia was started at zero time. Continuous 
falling curves are fitted to points obtained with 8 animals subjected to varying periods 
of asphyxia. Rising curves are fitted to points obtained with 6 animals after varying 
periods of recovery after resumption of artificial respiration (“air”) after 8 minutes of 
asphyxia. (Data of Feinstein’ used with his permission.) 


levels of CP and ATP are essentially the 
same as those found in the heart in situ®™ 
in any given species. 

The ATP and CP levels in atria (table 1) 
are considerably lower than those in ventri- 
eles in the same species. For example, in 
our laboratory, we have found that isolated 
atria of guinea pigs contain only about half 
as much CP and ATP as do ventricles in 
situ.» 7 This smaller content of high energy 
phosphate compounds in atrial muscle is 
not too surprising in view of the findings 
of earlier workers that the acid-labile phos- 
phate (mainly from ATP) of atrial muscle 
is only about one-half of that of ventricular 
muscle in the rabbit and dog.!?-!4 


Influence of Inhibition of Oxidative Metabolism 
Conditions or agents that interfere with 
oxidative metabolism would be expected to 


lower the level of high energy phosphate in 
cardiac muscle if the rate of utilization of 
these compounds for contraction and other 
processes requiring free energy exceeded the 
rate of their resynthesis by the inhibited 
metabolism. It is, therefore, not surprising 
that the high energy phosphate levels fall 
markedly below control levels when cardiac 
muscle is subjected to a lack of oxygen or 
to agents that inhibit oxidative metabolism, 
as shown in table 2. In all cases in which 
metabolism is impaired, there is also a very 
marked reduction in contractile strength. 

Note that in every case the fall of CP is 
greater than that of ATP, and that in some 
eases a marked fall in CP is accompanied by 
only a small or insignificant fall in ATP. 
The fact that CP is much more sensitive to 
impairment of metabolism than is ATP was 


Circulation, Volume XXIV, August 1961 








ae 


HIGH ENERGY PHOSPHATES AND THE FORCE OF CONTRACTION 


Table 2 
Changes in High Energy Phosphates Accompanying Decreases in Contractile Strength Produced by 


Impairment of Energy Metabolism 








Condition or agent 





% Change from control level 


imparing energy Type of cardiac Contractile 
metabolism preparation strength* cP ATP Reference 
Anoxia for 18 min. Guinea-pig atrium —93 —69 —7 Furechgott and de Gubareff, 
in vitro 1958° 
Anoxia for 30 min. Cat papillary muscle —78 —77 —5l1 Lee et al., 1961” 
in vitro 
Asphyxia for 8 min. Guinea-pig ventricle >—70 —94 —32 Feinstein, 1960° 
in situ 
Hypoxia (4% Oz) for Rat ventricle Marked fall —70 —21 Fleckenstein et al., 1959° 
30 min. in situ 
Dinitrophenol Dog ventricle, HLP —62 —63 Ot Fawaz and Tutunji, 1957* 
Fluoroacetate, 15 mg. Dog ventricle, HLP —78 —59 —12t Fawaz, 1956" 
Phenylbutazone Guinea-pig ventricle, Marked fall —50 —35 Hochrein and Doéring, 1958° 


HLP 











*Indices of contractile strength: contractile amplitude for guinea-pig atrium; contractile force for papil- 
lary muscle; ‘‘maximal isometric pressure’’ for guinea-pig ventricle in situ; cardiac output for heart-lung 


preparations. 


tEstimated from acid-labile phosphate, assuming 90% arises from terminal phosphates of ATP. 


also indicated in earlier work on the effect 
of anoxia and metabolic inhibitors on the 
labile phosphates of cardiac muscle.” 15-17 
From the results in table 2 it would appear 
that, under adverse metabolic conditions, 
decreases in the strength of contraction are 
more closely related to decreases in CP than 
to decreases in ATP. In this connection the 
results of some experiments by Maurice 
Feinstein,’ obtained: while he was a graduate 
student in our department, are worth citing. 
In these experiments he produced asphyxia 
in open-chest guinea pigs by tracheal occlu- 
sion for varying periods. In some of the 
animals he reinstituted artificial respiration 
after 8 minutes of asphyxia in order to fol- 
low the process of recovery. Figure 1 shows 
his findings on the levels of ATP and CP at 
various times after the onset of asphyxia and 
also at various times during the recovery 
from asphyxia. The fall in CP was much 
more rapid and extreme than the fall in ATP. 
Moreover, after reinstitution of artificial res- 
piration, CP returned to essentially the con- 
trol level within about 10 minutes, whereas 
ATP showed only a slight recovery over a 
period of almost 20 minutes. In most of the 
animals used, the left intraventricular pulse 
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pressure was continuously followed over the 
course of the experiment, and in some animals 
the ‘‘maximal isometric pressure’’ that the 
left ventricle could produce was determined 
at intervals by temporary complete constric- 
tion of the ascending aorta. Using ‘‘maximal 
isometric pressure’’ as an index of contrac- 
tile strength, it appeared that contractile 
strength was close to normal as long as the 
level of CP was at least 20 to 30 per cent of 
the control level, but that decreases of CP to 
still lower levels were associated with marked 
decreases in contractile strength. In the 
recovery period, after reinstitution of arti- 
ficial respiration, contractile strength was 
essentially back to normal by the time (less 
than 1 minute) CP had been restored to 
about 30 per cent of the control level, even 
though there was no increase in ATP above 
its depressed level within the same period. 

From his experiments on cardiac asphyxia 
in situ Feinstein concluded that there was 
no correlation between decreases in contrac- 
tile strength and decreases in ATP content, 
but a fairly good correlation between de- 
erease in strength and extreme decrease in 
CP content. Hochrein and Doring,® on the 
basis of their results with guinea-pig heart- 
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Table 3 


Changes in High Energy Phosphates Accompanying Changes in Contractile Strength 
Produced by Drugs or Alterations of Experimental Conditions 












% Change from control level* 


Contrac. 
strength cP ATP 








Type of 
preparation 


Drug or experimental 
condition 



















High Ca** in medium G.P. atrium +310 0 0 
Cat pap. m. +160 0 —25t 
Low K* in medium G.P. atrium + 70 —29 —13} 
Cat pap. m. + 89 —39 —37 
Epinephrine (low) G.P. atrium +210 0 0 
Epi. or Norepi. (high) G.P. atrium +335 —19 0 
Cardiae glycoside G.P. atriumt +605 0 0 
(max. inotropic level) : Cat pap. m.t +500 0 0 
Decreased frequency 
(from 60 to 6 per min.) G.P. atrium — 60 0 0 
Low Ca** in medium Cat pap. m. — 86 0 0 
Acetylcholine G.P. atrium — 94 0 0 
Ryanodine G.P. atrium — 90 0 0 
Cardiae glycoside G.P. atrium — 57 —64 —23 
(toxic level) — 84 —66 —42 


*Zero denotes no statistically significant change. 


Cat pap. m. 


+After spontaneous failure. In these experiments levels in failure were used as control levels. 


tBorderline statistical significance. 


lung preparations (especially those poisoned 
with phenylbutazone and fluoroacetate), also 
came to the conclusion that there was a good 
correlation between decrease in the work 
capacity of the heart (as determined by the 
‘‘eompetence index’’) and the decrease in 
content of CP, rather than that of ATP. The 
results of these investigators, as well as those 
of others shown in table 2, suggest that CP 
may be more directly involved than ATP in 
supplying energy for contraction. However, 
it should be emphasized that all of these re- 
sults were obtained on cardiac preparations 
in which oxidative metabolism was impaired 
experimentally, and that other changes pro- 
duced by impairment of metabolism—such as 
decreases in intracellular pH, alteration in 
intracellular content of various ions, and in- 
creases in intermediary metabolites—may 
have been more responsible for the decreases 
in contractile strength than the changes in 
CP. (See also comments by Fawaz and 
Tutungi'® on the lack of correspondence be- 
tween cardiac output and CP levels in well- 
oxygenated heart-lung preparations poisoned 
with dinitrophenol.) 





Influence of Alterations in Experimental Conditions 
Which Do Not Inhibit Oxidative Metabolism 

A large number of alterations in experi- 
mental conditions, none of which is thought 
to act primarily by interfering with oxidative 
metabolism, can produce marked increases 
or decreases in the contractile strength of 
cardiac muscle. Among these are alterations 
brought about by additions of certain drugs, 
by changes in the ionic content of the extra- 
cellular fluid, and by changes in frequency 
of contraction. In our laboratories we have 
investigated the levels of high energy phos- 
phates of 2 isolated, electrically driven 
cardiac preparations—namely, the guinea-pig 
left atrium and the cat papillary muscle— 
subjected to some of the alterations that in- 
fluence contractile strength.» * 1° Our find- 
ings are shown in table 3. In all cases in 
which similar alterations in experimental 
conditions were used on both preparations, 
the results obtained were essentially the same. 

The upper part of the table shows the re- 
sults obtained under experimental conditions 
that produced increases in_ contractile 
strength. The only condition of this type 
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Table 4 


Changes in High Energy Phosphates Associated with Experimental Failure 


% Change from 











Type of Procedure for control level* ae 
preparation producing failure CP ATP ADP AMP Reference 

Guinea-pig left ‘“Spontaneous’? 0 0 0 Furchgott and 

atrium in vitro de Gubareff, 1958° 

Cat papillary ** Spontaneous’? 0 0 aes - Lee et al., 1960* 

muscle in vitro 

Dog HLP ‘* Spontaneous’? +36 0 — . Wollenberger, 1947” 

Guinea-pig HLP Extreme volume- —32 —ll1t +16t — Hochrein and Doring, 
loading 1958° 

Rat heart in situ Aortie constriction —57 —16 — - Szekeres and Schein, 1959” 
(acute failure 30 min.) 

Guinea-pig heart Aortie constriction —54 —24 —40 0 Feinstein, 1960’ 


in situ (chronic failure) 

Tricuspid valve 

avulsion plus 

pulmonary artery 0 
stenosis (chronic 

failure) 


Dog heart in situ 





*Zero denotes no statistically significant change. 


tAverage of only 2 experiments. Significance doubtful. 


under which there was an appreciable change 
in the level of high energy phosphates was 
that in which the Kt concentration of the 
bathing medium was drastically reduced, and 
then the change was a decrease rather than 
an inerease. All of the other experimental 
conditions (elevation of Cat* concentration 
of the medium and addition of catecholamines 
or cardiae glycosides) led to marked increases 
in strength with small or insignificant changes 
in the levels of CP and ATP. Our results 
with cardiae glycosides are in confirmation of 
Wollenberger’s earlier results on the dog 
heart-lung preparation.’® 

The lower part of table 3 shows the re- 
sults obtained under experimental conditions 
that produced decreases in_ contractile 
strength. It is noteworthy that the reduc- 
tions in strength brought about by varied 
procedures, such as decrease of frequency of 
stimulation; decrease of extracellular Ca**, 
addition of acetylcholine, and addition of 
ryanodine, were accompanied by no signifi- 
cant change of CP and ATP from control 
levels. Previous to our work Wollenberger?® 
and Fawaz and Hawa" had already found 
that local anesthetics and pentobarbital were 


Circulation, Volume XXIV, August 1961 


Olson and 
Piatneck, 1959” 


able to impair the contractile strength of the 
dog heart-lung preparation markedly without 
producing a significant fall in the high energy 
phosphate content of the ventricular muscle. 

The fall in contractile strength produced 
by cardiac glycosides at the toxic dose level 
was accompanied by significant decreases in 
both CP and ATP. However, this is not too 
surprising in view of the recent findings of 
Lee et al.2! that mitochondria obtained from 
hearts poisoned with a cardiac glycoside ap- 
pear to have some degree of uncoupling of 
oxidative phosphorylation. Thus, the condi- 
tion produced with toxie levels of cardiac 
glycosides may be an interference with oxi- 
dative metabolism, which would be expected 
to lower the concentrations of high energy 
phosphates. 

The results shown in table 3 strikingly 
demonstrate that the strength of contraction 
of cardiac muscle may vary widely despite 
essentially constant levels of high energy 
phosphates. The decreases in strength as one 
goes from those experimental conditions that 
produce marked positive inotropic effects to 
control conditions, and from control condi- 
tions to those that produce marked negative 
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inotropic effects, must therefore be attrib- 
uted to deficiencies or impairments in the 
utilization of the available high energy phos- 
phate stores for contraction. 


Influence of Experimental Heart Failure 

Three types of preparations have been used 
for concomitant studies of mechanical failure 
and high energy phosphate compounds in 
heart muscle. One type is the isolated car- 
diae preparation, such as the papillary mus- 
cle of the cat or the left atrium of the guinea 
pig, suspended in a physiologic medium and 
driven at a constant rate by electric stimu- 
lation. Such preparations will undergo spon- 
taneous failure, as indicated by a loss of 
contractile force, in the course of several 
hours. A second type is the heart-lung prep- 
aration, which also will undergo failure spon- 
taneously over a period of several hours, even 
when there is no change in aortic resistance 
or venous reservoir pressure during the course 
of an experiment. This second type of prep- 
aration can also be made to go into failure 
at a faster rate by increasing the venous 
return (extreme volume-loading) or at still 
a faster rate by increasing the aortic resist- 
ance. A third type of preparation is that in 
which failure is brought about in situ, either 
acutely or chronically, either by constricting 
the aorta or by constricting the pulmonary 
artery along with avulsion of the tricuspid 
valves. Chronic failure brought about by these 
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m Figure 2 

Z The effect of resting tension 
z on the oxygen consumption of 
2 a papillary muscle stimulated 
at a frequency of 60 per 
minute. Basal resting QO, 
represents Og consumption of 
the unstimulated muscle at 
zero tension. Tension QO, rep- 
resents the increment in con- 
sumption resulting from ap- 
plication of tension on un- 
stimulated muscle. Activity 
QO, represents the increment 
in consumption owing to the 
contractile activity after stim- 
ulation at a given resting ten- 
MM2 sion. (From Lee.**) 
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procedures produces changes in the whole 
animal very similar to those seen in patients 
with congestive heart failure. 

Table 4 gives the results of several investi- 
gations carried out with these different types 
of preparations. Acute spontaneous failure 
occurred in the isolated cardiac prepara- 
tions** and in the dog heart-lung prepara- 
tion!® with no decrease in high energy phos- 
phate levels. On the other hand, acute failure 
in the guinea-pig heart-lung preparation 
brought about by extreme volume-loading,’ 
and acute failure of the rat heart in situ 
produced by marked constriction of the 
aorta? were both associated with significant 
falls in high energy phosphates. In chronic 
heart failure initiated by stress on the right 
side of the heart, Olson and Piatneck?* found 
no significant change in levels of high energy 
phosphates. However, in chronic heart fail- 
ure initiated by stress on the left side of 
the heart, Feinstein did record significant 
decreases." 

In those cases of failure in which there was 
no significant change in high energy phos- 
phate levels, there is again a clear dissocia- 
tion of contractile strength and useful energy 
stores. Such cases of failure have therefore 
been attributed to a deficiency or impair- 
ment in the utilization of high energy phos- 
phate stores for mechanical work. 2%. 24 In 
the case of acute failure in the guinea-pig 
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heart-lung preparation with extreme volume- 
loading, and in the rat heart in situ with 
aortic constriction, we feel that the fall in 
high energy phosphates may be largely due 
to the demand for oxygen to support an in- 
creased work load, that exceeds the supply 
of oxygen delivered through the coronary 
circulation—thus, leading to an adverse met- 
abolic condition in the heart muscle. 

In chronic failure in guinea pigs, studied 
by Feinstein in our laboratories, a number 
of typical signs of marked congestive failure 
were apparent, including cardiac hyper- 
trophy, pulmonary edema, elevated venous 
and right ventricular pressures, and elevated 
left diastolic pressures. Thus, it would appear 
that in chronic congestive failure associated 
with aortic stenosis, there may be a consid- 
erable fall in high energy phosphate level. 
Again, the average fall of CP was much 
greater that that of ATP in these animals, 
and there was a fair correlation between the 
severity of failure (estimated on the basis 
of physiologic and pathologic changes) and 
the extent of reduction of CP. A second find- 
ing which should be mentioned and which 
was made by another graduate student in 
our department, Arnold Schwartz, was that 
the efficiency of oxidative phosphorylation 
(determined by P:O ratios) of mitochondria 
from guinea-pig hearts in congestive failure 
was depressed about 30 to 40 per cent below 
that of mitochondria from normal guinea-pig 
hearts. Thus, there is a possibility that the 
low levels of high energy phosphates in 
guinea-pig hearts in congestive failure may 
be due in part to a loss in efficiency of mito- 
chondrial oxidative phosphorylation. 

The findings of Feinstein and Schwartz 
do indicate that an impairment of synthesis 
and a decrease in the steady-state levels of 
high energy phosphate bonds may contribute 
to the severity of chronic congestive failure 
of guinea pigs with aortic constriction. How- 
ever, it is impossible at present to state 
whether these changes played a primary role 
in producing the state of circulatory failure 
or whether they themselves developed only 
after the onset of physiologic and biochemical 
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Changes in electrode current and contractile ten- 
sion before, during, and after electrical stimula- 
tion of w papillary muscle. Muscle diameter, 0.32 
mm.; wet weight, 3.8 mg.; tension, 2 Gm./mm.*. 
Electrode current measures O, tension in effluent 
from muscle. The change in the current produced 
by stimulation can be used directly for calculating 


the rate of activity oxygen consumption. (From 
Lee.*5) 


changes resulting from failure of the over- 
loaded heart to maintain an adequate output. 
Feinstein, himself, was able to show that 
the impaired function of the failing heart 
was not strictly dependent on the decreased 
CP content. By injecting ouabain into guinea 
pigs in congestive failure he was able to 
improve cardiac function markedly and 
acutely (as judged from changes in intra- 
ventricular pulse pressures) even though the 
cardiac glycoside caused no increase in either 
CP or ATP above the low levels found in 
untreated animals. 
Changes in Efficiency in the Utilization of High 
Energy Phosphates for Contraction 

In the 2 previous sections many examples 
of alterations in the contractile strength of 
eardiae muscle without significant alterations 
in high energy phosphate stores have been 
cited. This type of finding has led to the 
conclusion that a decrease in contractile 
strength in one experimental condition as com- 
pared with another often results from a rela- 
tive deficiency or impairment of the utiliza- 
tion of available high energy phosphates. 
However, the question is still left open of 
whether such a deficiency represents (1) a 
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decrease in the utilization of high energy 
phosphate bonds per contraction, with little 
change in the efficiency of the conversion of 
the chemical energy in these bonds to me- 
chanical energy; (2) a decrease in the effi- 
cieney of the conversion of chemical to me- 
chanical energy with little change in the 
utilization of high energy phosphate bonds 
per contraction; or (3) a combination of 
both situations. To obtain a complete answer 
to this question one would have to determine 
simultaneously the strength of contraction 
and the amount of high energy phosphate 
bonds used in each contraction of the cardiac 
muscle under different experimental condi- 
tions. At present, however, there is no avail- 
able method for determining directly the 
amount of high energy phosphate bonds used 
in each contraction, and, therefore, an in- 
direct approach must be employed. 

The indirect approach developed by one 
of us (K.S8.L.) involves the use of the iso- 
lated, electrically driven cat papillary mus- 
cle in an experimental set-up that permits 
the simultaneous measurement of contractile 
strength (usually isometric contractile ten- 
sion) and rate of oxygen consumption (cal- 
culated from the fall in oxygen tension regis- 
tered with a platinum ‘‘oxygen electrode’’ 
in a continuous-flow system).?° With this 
set-up one can first obtain the ‘‘resting’’ 
oxygen consumption of the unstimulated, 
quiescent muscle at a fixed resting tension 
and then the ‘‘total’’ oxygen consumption 
when the muscle is stimulated at the desired 
frequency at the same resting tension. The 
difference between the rates for total and 
resting oxygen consumption gives the rate of 
extra oxygen consumption required for con- 
tractions under the given experimental con- 
dition. From this rate and the frequency of 
contraction one can readily calculate the 
extra oxygen consumed per beat. 

Bing*® has stressed the need for using the 
activity oxygen consumption of cardiac mus- 
ele rather than the total oxygen consumption, 
if one wishes to calculate the chemical energy 
used for the contraction process only. How- 
ever, to obtain the activity oxygen consump- 
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tion of the intact heart (or of the left ven- 
tricle) one must be able to determine its 
oxygen consumption in the arrested state, 
with good coronary circulation and with in- 
volume maintained at the 
mean diastolic volume of the active heart. 
These requirements are extremely difficult 
to meet; and the best procedure so far used 
for arresting the intact heart—namely, that 
of markedly increasing the K* concentration 


traventricular 


of the blood?*—is open to some criticism. 

In contrast to the experimental difficulties 
hindering the determination of activity oxy- 
gen consumption in the intact heart is the 
ease with which it can be determined in the 
isolated cat papillary muscle. Figure 2 shows 
both the resting and the activity oxygen con- 
sumption of cat papillary muscle, driven at 
a frequency of 60 per minute, as a function 
of resting tension.* Since the resting oxygen 
consumption, which is the sum of the con- 
sumption at zero tension (‘‘basal resting’’ 
oxygen consumption) and the extra consump- 
tion resulting from the application of tension 
(‘‘tension’’ oxygen consumption), consider- 
ably exceeds the activity oxygen consump- 
tion at all tensions, it is apparent that the 
use of total oxygen consumption for the esti- 
mation of chemical energy required for me- 
chanical work will give values that are much 
too high. 

Figure 3 is a plot of data from a typical 
experiment in which the activity oxygen con- 
sumption and the contractile tension of a 
papillary muscle were determined simulta- 
neously. The difference between the steady- 
state level of the oxygen-tension curve dur- 
ing rest and during contraction at a fixed 
frequency can be used directly for caleu- 
lations of the rate of activity oxygen con- 
sumption. By dividing the activity oxygen 
consumption per beat into the contractile ten- 
sion at the steady-state level, one can obtain 
an index of the mechanical efficiency of the 
cardiac muscle under the experimental con- 
dition used.*° 


*Figures 2 and 3 reproduced from Lee: J. Physiol. 
151: 186, 1960.~ By permission of the Journal of 
Physiology. 
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Table 5 
The Effect of Resting Tension on the Mechanical 
Efficiency of a Cat Papillary Muscle at Constant 
Frequency (60 per Minute) 


Table 6 
The Effect of Frequency of Stimulation on the 
Mechanical Efficiency of a Cat Papillary Muscle at 
Constant Resting Tension (4 Gm. per Mm.*) 








Resting Activity 02 uptake Contractile Index of 





tension per contraction tension mechanical 
(Gm./mm.2) (uL./mg. X 10+) (Gm./mm.?) efficiency* 
] 1.4 0.85 0.61 
4 2.2 2.3 1.04 
10 3.33 2.2 0.68 


14 2.20 1.3 0.41 


*Index of mechanical efficiency was obtained in 
this and the next three tables by dividing value in 
third column by that in second column. 


It is postulated in this discussion that the 
activity oxygen consumption is a measure of 
the extra oxidative energy required for the 
synthesis of those high energy phosphate 
bonds used for contraction, and that the 
index of mechanical efficiency, obtained as 
outlined above, is a measure of the efficiency 
for conversion of the chemical energy avail- 
able in these bonds into mechanical energy 
in the form of work. It is also postulated that 
a comparison of indices of efficiency under 
different experimental conditions will enable 
one to determine whether the efficiency of 
this chemical-mechanical conversion is altered. 
These postulates are valid only if the 4 
following assumptions are valid: (1) that 
the efficiency of. oxidative phosphorylation 
remains constant; (2) that the resting oxygen 
consumption which meets the needs of all 
energy-requiring processes other than con- 
traction is the same for the quiescent and 
for the stimulated muscle; (3) that oxidative 
metabolism is essentially the exclusive means 
of energy production and that glycolysis is 
insignificant ; (4) that the force of isometric 
contractions is practically proportional to 
work which would be done in isotonic con- 
traction. It must be admitted that at present 
there is no experimental evidence available 
to either prove or disprove the validity of 
assumptions (1) and (2). On the other hand, 
the validity of assumption (3) is supported 
by preliminary work with papillary muscles, 
as well as by older experiments showing that 
lactic acid is not produced in beating hearts 
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Frequency Activity 
of 0? uptake Contractile Index of 
stimulation per contraction tension mechanical 
permin. (yL./mg. X 10+) (Gm./mm.?) efficiency 
10 3.20 0.4 0.125 
30 2.65 is 0.49 
90 1.76 2.1 1.19 
130 1.18 0.9 0.76 





under good aerobic conditions.*® Finally, re- 
cent work in this laboratory, using papillary 
muscles under isotonic rather than isometric 
conditions, supports assumption (4) that iso- 
metric zontractile force is proportional to 
isotonic work as long as the resting tension 
on the muscle is the same under both con- 
ditions. 

A number of examples of comparisons of 
indices of efficiency under different experi- 
mental conditions that lead to marked altera- 
tions in force of contraction are shown in 
tables 5, 6, 7, and 8. These examples, all of 
which represent experiments on single papil- 
lary muscles, come partly from published work 
of K. S. Lee?> and partly from unpublished 
work. In all of the examples given there are 
marked decreases in efficiency under those 
experimental conditions associated with de- 
creases in contractile tension. 

Tables 5 and 6 show the effects of varia- 
tions in resting tension at constant frequency 
of stimulation (60 per minute) and the effects 
of variations in frequency at constant rest- 
ing tension. In the experiment at constant 
frequency, efficiency reaches a maximum at a 
resting tension of 4 Gm./mm.? and then falls 
off at higher tensions. The finding of an inter- 
mediate resting tension at which the index 
of mechanical efficiency is highest is not too 
surprising in view of earlier work on the 
intact heart, which indicated that the ratio 
of measurable external work to total oxygen 
consumption is maximal at an intermediate 
level of left ventricular diastolic volume.?® 

In the experiment at constant resting ten- 
sion (table 6), the index of mechanical effi- 











Table 7 
The Change of Mechanical Efficiency of a Cat 
Papillary Muscle During Failure In Vitro and 
after Recovery with Ouabain 








Relative Relative Relative index 

Experimental activity contractile of mechanical 
condition Qo2* tension* efficiency 

Prior to onset 
of failure 1 ] 1 
During failure 0.90 0.32 0.35 
Reeovery from 
failure with 
ouabain 0.91 0.71 0.78 
(initial therapeutic 
stage ) e 


*Relative rather than absolute values are used in 
this and the following table. 


clency rises steadily with increasing fre- 
quency up to about 90 beats per minute and 
then falls off as the frequency is further in- 
creased. The papillary muscle, like a number 
of other cardiae preparations including iso- 
lated guinea pig and rabbit atria, exhibits 
an inerease in contractile tension with in- 
creasing frequency over a fairly wide range 
of frequencies. This well-known ‘‘ positive 
stairease’’ phenomenon is apparently the re- 
sult of an increase in mechanical efficiency 
with increase in frequency and not the re- 
sult of an increase in utilization of chemical 
energy. Indeed, on the basis of the activity 
oxygen consumption per contraction, it ap- 
pears that the chemical energy utilization 
per contraction actually decreases as the fre- 
quency increases. If the postulate that the 
index of mechanical efficiency is a direct 
measure of the efficiency of conversion of 
phosphate bond energy into mechanical en- 
ergy is correct, then the marked decrease 
in contractile strength at low frequencies 
may be attributed to a very low efficiency 
for this crucial conversion. 

In a previous report, one of us (R.F.F.) 
suggested that the positive staircase effect 
in isolated guinea-pig atria was dependent 
on the rate of some activation process occur- 
ring between beats, and that the degree of 
activation of the cardiac muscle at the time 
of an action potential determined the size of 
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Table 8 
The Effect of Ca**+ Concentration in the Medium 
on Mechanical Efficiency of a Cat Papillary 
Muscle 








Relative 

Relative Relative index of 

Ca++ concentration activity contractile mechanical] 

in medium Qo2 tension efficiency 
No Ca** (early stage) 0.22 0.06 0.27 
Ca** 1.2 X 10° M 0.71 0.5 0.70 

Ca** 34 xX 10° M 1 1 1 

Ca** 7.2 x 10° M 1.21 1.4 1.16 


the contractile response initiated by the ac- 
tion potential.’ It was proposed that, at low 
frequencies associated with small contrac- 
tions, the rate of the activation process was 
so slow that the degree of activation attained 
by the time of the next action potential was 
relatively small ; and that, at high frequencies 
associated with large contractile responses, 
the rate of the activation process was very 
much faster, so that the degree of activation 
at the time of the next action potential was 
relatively great. In view of the present find- 
ings, it appears that this proposed activation 
process may in reality be a process of restora- 
tion of a state in the muscle that determines 
the efficiency of the conversion of chemical 
to mechanical energy. 

In table 7 are the results of an experiment 
on spontaneous failure and recovery from 
failure after addition of a cardiac glycoside. 
It is apparent that the failure is due pri- 
marily to a loss in mechanical efficiency, 
rather than to a loss in energy production, 
and that the recovery from failure with 
ouabain is due to an increase in mechanical 
efficiency rather than to an increase in en- 
ergy production. These results, also, are not 
too surprising in view of older work on 
intact hearts, which indicated that certain 
types of failure were associated with a de- 
crease in the ratio of measurable external 
work done by the heart to total oxygen con- 
sumption of the beating heart, and that re- 
covery from failure with cardiac glycosides 
was associated with an increase in this ratio.*° 
However, it was impossible to separate activ- 
ity oxygen consumption from total oxygen 
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consumption in these earlier studies, and 
thus the changes in overall efficiency could 
not be claimed to demonstrate directly 
changes in the efficiency of the conversion 
of chemical to mechanical energy in the con- 
traction process alone. The present findings, 
on the other hand, do support strongly the 
concept that there is a loss of efficiency in 
this conversion in spontaneous failure, and 
a recovery of efficiency during the restora- 
tive action of cardiac glycosides. 

Table 8 shows the results of an experiment 
in which the calcium content of the incuba- 
tion medium was varied over a wide range. 
With increases in calcium there is an in- 
erease in activity Qos, contractile tension, 
and the index of mechanical efficiency. From 
the data one may conclude that the increase 
in contractile tension with increase in eal- 
cium is due in part to an increase in chemical 
energy utilization per contraction and in part 
to an increase in efficiency of the conversion 
of this energy into mechanical energy. Thus, 
the reduction of the contractile force brought 
about by reduction of the extracellular cal- 
cium is probably attributable both to a de- 
erease in the utilization of high energy phos- 
phate bonds per contraction and to a decrease 
in efficiency in the conversion of the chemical 
energy of those bonds used into mechanical 
energy. ‘ 

From the results of experiments such as 
those discussed in this section we may con- 
clude that in many experimental conditions 
in which a decrease in contractile force has 
been attributed to a deficiency in the utiliza- 
tion of high energy phosphates for contrac- 
tion, the deficiency is in large part, and some- 
times almost exclusively, due to a loss in 
efficiency in the conversion of chemical en- 
ergy of high energy phosphate bonds into 
mechanical energy. This conclusion is ad- 
mittedly based on interpretations, the correct- 
ness of which depends on the validity of cer- 
tain assumptions that have not yet been 
strictly proved. However, the conclusion pre- 
sents an interesting working hypothesis, and 
confronts us directly with the problem of 
what factors control the efficiency of utiliza- 
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tion of high energy phosphates for mechani- 

cal work in heart muscle. Speculation about 

these factors is beyond the scope of the pres- 
ent paper. 
References 

1. WOLLENBERGER, A.: Orthophosphat und Phos- 
phokreatingehalt des Herzmuskels. Naturwissen- 
schaften 12: 294, 1958. 

2. WOLLENBERGER, A., KRAUSE, E. G., AND WAHLER, 
B. E.: ther den tatsiichlichen Orthophosphat 
und N-Phosphorylkreatingehalt des Saugetier- 
herzens. Arch. ges. Physiol. 270: 413, 1960. 

3. Furcueott, R. F., AND DE GUBAREFF, T.: The 
high energy phosphate content of cardiac 
muscle under various experimental conditions 
which alter contractile strength. J. Pharmacol. 
& Exper. Therap. 124: 203, 1958. 

4. Lee, K. S., Yu, D. H., AND BurRsTEIN, R.: The 
effect of ouabain on the oxygen consumption, 
the high energy phosphates and the contractility 
of the cat papillary muscle. J. Pharmacol. & 
Exper. Therap. 129: 115, 1960. 

5. WOLLENBERGER, A.: The energy metabolism of 
the failing heart and the metabolic action of 
the ecardiae glycosides. Pharmacol. Rev. 1: 
311, 1949. 

6. Furcueott, R. F., AND DE GUBAREFF, T.: The 

determination of inorganic phosphate to crea- 

tine phosphate in tissue extracts. J. Biol. 

Chem. 123: 377, 1956. 

FEINSTEIN, M.: Ph.D. thesis, Department of 
Pharmacology, State University of New York, 
Downstate Medical Center, 1960. 

8. FLECKENSTEIN, A., JANKE, J., AND GERLACH, E.: 
Konzentration und Turnover der energiereichen 
Phosphate des Herzens nach Studien mit 
Paperchromatographie und Radiophosphor. 
Klin. Wehnscehr. 8: 451, 1959. 

9. Hocuretn, H., aNnD DoOriIne, H. J.: Das Ver- 
halten der energiereichen Phosphat-Verbindun- 
gen des Myokards im Normalzustand und bei 
experimentelles Insuffizienz durch Phenylbuta- 
zon. Arch. ges. Physiol. 267: 313, 1958. 

10. Lez, K. 8S., Yu, D. H., Lez, D. IL, aAnpb 
Burstsgin, R.: The influence of potassium and 
ealeium on the effect of ouabain on cat papil- 
lary muscles. J. Pharmacol. & Exper. Therap. 
132: 139, 1961. 

11. Fawaz, G., AND Hawa, E. S.: Phosphocreatine 
content of mammalian cardiac muscle. Proc. 
Soe. Exper. Biol. & Med. 84: 277, 1953. 

12. CHane, I.: Effect of asphyxia on the adenosine- 
triphosphate content of the rabbit’s heart. 
Quart. J. Exper. Physiol. 28: 3, 1938. 

13. Davies, F., Francis, E. T. B., AND STONER, 
H. B.: The distinction of nucleotide, phospho- 


~I 


creatine and glycogen in the heart. J. Physiol. 
106: 154, 1947. 

Mu.Lper, A. G., OMACHI, A., AND REBAR, B. T.: 
Content of inorganic and high energy phos- 
phates, potassium, sodium lactate and glycogen 
in different areas of the dog heart. Am. J. 
Physiol. 186: 309, 1956. 

CHANG, I.: Asphyxia arrest of the isolated rab- 
bit’s auricle. Quart. J. Exper. Physiol. 27: 
113, 1937. 

CRUICKSHANK, E. W. H.: Cardiac metabolism. 
Physiol. Rev. 16: 597, 1936. 

Burns, W.,. AND CRUICKSHANK, E. W. H.: 
Changes in creatine, phosphagen and adenyl- 
pyrophosphate in relation to the gaseous 
metabolism of the heart. J. Physiol. 91: 314, 
1937. 

Fawaz, G., AND TUTUNJI, B.: The mechanism of 
dinitrophenol heart failure. Brit. J. Pharmacol. 
12: 273, 1957. 

WOLLENBERGER, A., AND KarsH, M. L.: Effect 
of a cardiac glycoside on the contraction and 
the energy-rich phosphate content of the heart 
poisoned with dinitrophenol. J. Pharmacol. & 
Exper. Therap. 105: 477, 1952. 

WOLLENBERGER, A.: On the energy-rich phosphate 
supply of the failing heart. Am. J. Physiol. 
150: 733, 1947. 

Lee, K. S., Schwartz, A., AND BURSTEIN, R.: 
An effect of cardiac glycosides on oxidative 
phosphorylation by heart mitochondria. J. 
Pharmacol. & Exper. Therap. 129: 123, 1960. 

SzeKEREs, L., AND SCHEIN, M.: Cell metabolism 


FURCHGOTT, LEE 


of the overloaded mammalian heart in situ. 
Cardiologia 34: 19, 1959. 

Ouson, R. E., AND P1aTNECK, D. A.: Conservation 
of energy in cardiac muscle. Ann. New York 
Acad, Se. 72: 466, 1959. 

Bina, R. J.: The metabolism of the heart. Harvey 
Lect. 50: 27, 1956. 

Lee, K. S.: The relationship of the oxygen con- 
sumption to the contraction of the cat papil- 
lary muscle. J. Physiol. 151: 186, 1960. 

Bine, R. F., AND MicHaEL, G.: Myocardial 
efficiency. Ann. New York Aead. Se. 72: 555, 
1959. 

BEUREN, A., SPARKS, C., AND Bina, R.: Metabolic 
studies on the arrested and fibrillating perfused 
heart. J. Cardiol. 1: 103, 1958. 

STARLING, E. H., AND VISSCHER, M. B.: The 
regulation of the energy output of the heart. 
J. Physiol. 62: 243, 1927. 

Furcueott, R. H., AND DE GUBAREFF, T.: Does 
contractile foree of cardiac muscle depend on 
the rate of an ‘‘activation’’ process between 
beats? J. Pharmacol. & Exper. Therap. 116: 
21, 1956. 

Mor, G. K., AND VISSCHER, M. V.: Studies on 
the native glucosides of Digitalis lanata with 
particular reference to their effects upon 
cardiac efficiency and their toxicity. J. 
Pharmacol. & Exper. Therap. 64: 65, 1938. 

Fawaz, G.: Die Wirkung von Fluoressigsaiure 
auf Leitung und Stoffwechsel des Herzlungen- 
praparates des Hundes. Arch. exper. Path. & 
Pharmakol. 228: 377, 1956. 


Circulation, Volume XXIV, August 1961 





a 


_ 


Discussion 


Dr. R. E. Davies (Philadelphia, Pa.): It 
seems that we and Dr. Mommaerts have been 
floundering in the same morass for 8 years or 
so. Concerning the question of whether the 
ereatine phosphate-ATP system changes dur- 
ing a single twitch, he has announced that it 
does, that it doesn’t, and now again that it 
does. Originally, we found that it did not. 
Then, about 3 years ago, we found a very 
labile compound, which we ealled XP, that 
was present in resting muscle and not in con- 
tracted muscle. After announcing this dis- 
covery, we kept on working and found that 
sometimes it could be seen and sometimes it 
couldn’t. Finally, we decided that XP was a 
will-o’-the-wisp—or a Wilfried-o’-the-wisp. 

We, that is, Drs. Cain, Delluva, Kushmerick, 
and I then stopped trying to find an unknown 
compound and tested known compounds to 
find the source of the inorganie phosphate 
we had found to be liberated in a single 
twitch. The content of each compound we 
tried—however esoteric and unstable—re- 
mained unchanged. Finally, despite Wil- 
fried’s published results, we determined the 
creatine content and found that it did change. 
Then we learned from Wilfried that recently 
he, too, had had inconsistent results. In seek- 
ing the cause for this inconsistency, we exam- 
ined the dates when the experiments had been 
done. We found that every time the creatine 
content hadn’t changed, the experiments had 
been done in spring or summer; and, every 
time it had changed, the experiments ~ had 
been done in the fall or winter. Whenever XP 
was there and changed, it was spring; when- 
ever it either wasn’t there or didn’t change, it 
was fall. Perhaps this seasonal variation 
means that there may be an exceedingly labile 
compound that can be detected only in the 
spring or summer ; at other seasons it may 
change and be reconstituted so quickly that 
we miss it. 

Thus we must wait for spring, or go to 
South America, or start injecting frogs with 
pituitrin, or perhaps choose an animal that 
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doesn’t have this seasonal variation. Then, 
maybe in another 2 years, we will find that we 
are just where we are today. 

Dr. Kwang Soo Lee: I should like to ask 
Dr. Mommaerts a question. You mentioned 
that there is a possibility that heat of activa- 
tion and heat of shortening and heat of work 
might come from different metabolic path- 
ways. Is there any experimental evidence that 
even suggests this? 

Dr. Mommaerts: Not so far. As I implied, in 
most of the experiments the only detectable 
breakdown of phosphocreatine liberates equiv- 
alent amounts of phosphate and creatine. 
There are some circumstances in which a siz- 
able degree of phosphorylation takes place as 
well, with hexose phosphate formation—less 
phosphate than creatine is liberated. For a 
season in which the formation of hexose phos- 
phate was relatively prominent, we plotted 
either the fraction that goes to phosphate or 
to hexose phosphate as a function of the total 
shortening; there was no correlation whatso- 
ever. So far, then, we have had no indication 
of different chemical reactions serving 1 pur- 
pose or the other. 

Dr. Podolsky: There are some early experi- 
ments of A. V. Hill which suggest that there 
is only 1 driving chemical reaction (Proc. 
Roy. Soc. London s. B 127: 297, 1939). He 
defined initial energy as the sum of the work 
done and the heat liberated while the muscle 
is active. The recovery heat is the heat liber- 
ated while the muscle recovers from activity. 
The initial energy is liberated quickly com- 
pared with the recovery heat, so these quanti- 
ties are experimentally separable. The total 
energy is initial energy plus recovery heat, 
that is, the total energy exchange associated 
with activity. 

Hill measured energy exchanges under a 
variety of conditions of mechanical loading 
and, under all these conditions, the ratio of 
intial energy to total energy turned out to be 
the same. This should be the ease if the driv- 
ing chemical reaction for the contractile mech- 
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anism were the same under all conditions of 
loading. Is this clear? 

Dr. Lee: Yes, but I don’t think it really 
can be considered as evidence because, ther- 
modynamically, whatever it produces, no mat- 
ter what pathway you take, it is compensated 
for eventually. 

Dr. Podolsky: I think it does constitute evi- 
dence for the following reason: If there were 
2 different reactions, each having different 
heats of reaction, and if, under certain condi- 
tions, 1 of them proceeded to a greater extent 
than the other, then Hill would not have 
found regularity in the ratio of initial energy 
to total energy. 

Dr. Huxley: May I ask Dr. Podolsky if he 
can make any estimates of the number of sub- 
strate molecules that need to be bound to the 
actin filament to produce the necessary ten- 
sion ? 

Dr. Podolsky: I am afraid that I can not 
provide you with an answer. 

Dr. Huxley: I was wondering if it would 
have to be the same sort of number as Morales 
(Morales and Botts: Arch. Biochem. 37: 283, 
1952) had to employ in his mechanism in 
which it was ATP-binding that gave rise to 
the change on the electrostatic model. Actu- 
ally, in that model, you need a tremendous 
amount of ATP and if, in your model, you 
wipe that amount of ATP off the actin each 
time, it would imply you have to split that 
much every time. 

Dr. Podolsky: The difficulty with a calcula- 
tion for the ‘‘melting’’ model is that one needs 
a good theoretical basis for relating the ex- 
tent of binding to force. Although this can be 
done in principle, I have not yet found out 
how to do it. 

Dr. Palade: You considered 2 possibilities 
in contraction, Dr. Podolsky—the sliding and 
the folding of the actin filaments. How exten- 
sive should this folding be to account for the 
contraction, and is the folding of such a mag- 
nitude that it should be easily visible in the 
electron microscope? In other words, is the 
folding mechanism still compatible with the 
present morphologic evidence? 
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Dr. Podolsky: The extent of folding, of 
course, should be the same as the extent of 
shortening. Now, the way to do the electron- 
microscope experiments—and some _ people 
have tried this—is to quick-freeze the muscle 
while it is shortening physiologically and 
then make sections. In both models, the fila- 
ments should return to their original length 
when the muscle relaxes. The question is 
whether you can catch the folding before the 
thin filament has had a chance to relax again. 
Do you see what I mean? 

Dr. Palade: Yes, but there are micrographs 
indicating, for example, that the contraction 
has gone to the extent that the I-bands have 
disappeared, and the filaments are still more 
or less of the expected length on the basis of 
sliding. 

Dr. Podolsky: I think that should happen 
at the end of contraction in both cases. The 
question is, what generates the shortening 
while the muscle is contracting, not what is 
the disposition of the filaments after the con- 
traction has ended. 

Dr. Palade: So, by the time the preparation 
is connected, the filaments are back to their 
original length? 

Dr. Podolsky: Yes, that is a way of getting 
around it. 

Dr. John Gergely (Boston, Mass.): Dr. 
Furchgott, in connection with this puzzling 
problem of failure in efficiency, is there any 
possibility that the lower tensions one obtains 
under various conditions are due to the block 
in the excitation coupling, i.e., is there an in- 
efficiency in transmitting the stimulus to the 
contractile system? Also, in the cases in which 
efficiency in terms of oxygen consumption is 
decreased as compared with the development 
of tension, is one dealing with an uncoupling 
at the level of generation of phosphatase? 

Dr. Furchgott: First, about excitation cou- 
pling: It is quite possible that a block or im- 
pairment of this little-understood primary 
process accounts for the decreased contractile 
force under some experimental conditions. 
This may be the situation in the case of the 
negative inotropic action of acetylcholine on 
atria, since the markedly shortened action po- 
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tential may not suffice to give full excitation 
of the atrial cells. Also, the reduction in force 
at low extracellular Ca** concentrations may 
be due in part to an impaired excitation cou- 
pling. However, I would not expect an im- 
pairment of this primary process to cause a 
marked decrease in mechanical efficiency (as 
indicated by a marked fall in the ratio of me- 
chanical work to activity oxygen consump- 
tion) such as we found on reducing frequency 
or allowing spontaneous failure to occur in 
papillary muscles. 

As for the question of whether an uncou- 
pling at the level of generation of high energy 
phosphate may account for the decreased ef- 
ficiency, I think the answer is that such un- 
coupling of oxidative phosphorylation can 
probably be ruled out in certain cases of de- 
ereased efficiency that we have studied— 
namely, those involving low tension, low ex- 
tracellular Ca**, and spontaneous failure. In 
all of these cases, the resting oxygen consump- 
tion was about the same or somewhat lower 
than that under control conditions, whereas 
a greater resting oxygen consumption would 
have been expected if there was uncoupling 
at the level of generation of high energy phos- 
phates. 

Chairman Taggart: I think Dr. Mommaerts 
has been waiting to speculate on this. 

Dr. Mommaerts: Yes. I feel very definitely 
that it has to do with excitation-contraction 
coupling, but probably in a way that is not 
revealed by the duration of the action poten- 
tial. Dr. A. Y. Brady (unpublished data) has 
felt that in the heart (not in skeletal muscle) 
there is a definite correlation between the du- 
ration of the action potential and the duration 
of the active state. It is as if the action poten- 
tial or its plateau turns the active state on or 
off. 

However, all the inotropic changes that we 
have encountered in the heart are not primar- 
ily caused by a change in the duration of the 
active state. They are caused by a change in 
the force-velocity relation, so that, within the 
same available time, a greater or smaller frac- 
tion of the active state is realized in terms of 
external tension. I don’t know whether any 
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patients are going to be helped directly by 
this knowledge, but one can say that heart 
failure is a disease of the constant b or per- 
haps of the constant a in the Hill equation. 

Dr. Hoffman: Dr. Mommaerts, I wasn’t sure 
if the variation in the constant for the acti- 
vation was primarily a function of resting 
length, resting tension, or contractile tension. 
If the variability is primarily a function of 
resting length, is it related in any way to the 
sarcomere length or, let’s say, to the extent 
of overlap of thin and thick filaments in a 
given sarcomere? 

Dr. Mommaerts: It may very well vary, 
Dr. Hoffman, with the resting length, but I 
also have in mind the variation with the con- 
tracting length. Among others, Aubert has 
studied extensively the maintenance heat as 
a function of the contracted length (Le cou- 
plage énergetique de la contraction muscu- 
laire. Bruxelles, Editions Arscia, 1956). Over 
certain ranges, there is a linear relation be- 
tween maintenance heat and tension. One en- 
ters here into a form of philosophy which con- 
siders that getting a linear relation is the 
highest purpose of the scientist. Accordingly, 
one might believe that it is the tension during 
activity that has a primary influence upon 
the maintenance heat. 

Of course, tension and length are both 
changed, and, apart from the linearity, who 
is to tell which of these factors is of primary 
importance in determining the maintenance 
metabolism, or even whether this is a valid 
question? There is, however, a very real op- 
erational difference between the 2 concepts, 
which appears when evaluating the energy 
mobilized in a tetanus of constant duration 
in which a given degree of shortening is al- 
lowed. In one instance, with a light load, the 
shortened length is reached rapidly; in the 
other, with a heavy load, slowly. Which value 
of the maintenance heat will be operative? 
That determined by the varying length, or 
that determined by the tension? The answer 
is not available, but the distinction may well 
be accessible to experimental analysis. 

Dr. Podolsky: I have had a chance to think 
about the earlier questions a bit more. In re- 
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ply to Dr. Huxley, one reason Morales (Mor- 
ales and Botts: Arch. Biochem. 37 : 283, 1952) 
needed so many particles to bind to the poly- 
mer is that, in an electrostatic mechanism, 
the force is reduced by the ionic strength of 
the milieu, and in muscle the ionic strength is 
quite high. On the other hand, the polymer 
melting process need not be a function of 
ionic strength (although it may), so there is 
a chance that it might not require nearly so 
many particles to generate the force. This 
could be especially true if the polymer had a 
high degree of crystallinity ; in this case, melt- 
ing is a cooperative process. 5 

About Dr. Palade’s question, although there 
is no published electron microscope evidence 
that supports folding, there is some physio- 
logic evidence. In both the sartorius muscle 
(experiments of Buchthal and Kaiser: Dan. 
Biol. Medd. 21: 121, 1951; and of Marechal: 
Arch. internat. physiol. 63, 128, 1955) and in 
the heart (experiments of Rosenbleuth and 
Rubio: Arch. internat. physiol. 68 : 181, 1960), 
it was found that, if shortening starts from 
beyond a certain length, the muscle has a 
memory. The force developed at a shorter 
length depends on whether that length was 
reached by active or passive shortening. This 
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phenomenon is known as hysteresis in the 
length-tension curve. In the sliding model, 
the shortening muscle should have no memory 
but, in the folding model, it could have a 
memory because there is a point of reference 
—the point of attachment of the thin filaments 
upon activation. 

In the case of the frog sartorius muscle, 
there is no memory if the initial length is less 
than that length at which the H-zone van- 
ishes; that is, if the thin filaments meet at 
the center of the A-band. However, at these 
lengths you would not expect it to have a 
memory because now the ends of the thin fila- 
ments would always attach at the same point, 
the center of the A-band. Although the argu- 
ment is indirect, this physiologic evidence can 
be taken to support a folding rather than a 
sliding model. 

Chairman Taggart: I am sure that this dis- 
cussion could go on through the night. It is 
quite evident, I think, to all of us in the audi- 
ence, that the mechanochemical features of 
muscle contraction are not yet thoroughly 
elucidated. I should like to thank our speakers 
for their very illuminating discussions and 
our audience for their attention and partici- 
pation. 


The Rewards of Scientific Investigation 


It is stranger that we are not able to inculeate into the minds of many men the necessity 
of that distinction of my Lord Bacon’s, that there ought to be experiments of light, as well 
as of fruit. It is their usual word, What solid good will come from thence? They are indeed 
to be recommended for being so severe exactors of goodness. And it were to be wished 
that they would not only exercise this vigour about experiments, but on their lives and 
actions, that they would still question with themselves, in all that they do: what solid good 
will come from thence? But they are to know that in so large and so various an art as this 
of experiments, there are many degrees of usefulness: some may serve for real and plain 
benefit without much delight; some for teaching without apparent profit, some for light 
now, and for use hereafter; some only for ornament and curiosity. If they will persist in 
econtemning all experiments, except those which bring with them immediate gain and a 
present harvest, they may as well cavil at the providence of God, that he has not made 
all the seasons of the year, to be times of mowing, reaping and vintage——T. Sprat. The 
History of The Royal Society of London. Ed. 3. 1722. Cited by W. M. Bayliss in the 
preface to Princinles of General Physiology. Ed. 4. London, Longmans, Green and Co., 


1924, p. xvi. 
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Ill. Hibernation in Animals 
Chairman: Alfred P. Fishman, M.D. 





Introduction 


By Aurrep P. Fishman, M.D. 





O THE interested bystander, the sub- 
ject of hibernation is a curious mixture 
of mystery and of science. Part of the mystery 
stems from the haze of uncertainty that sur- 
rounds the idea of suspended animation ; part 
from the exotic creatures that indulge in hi- 
bernation. As a prelude to Dr. Lyman’s sci- 
entific discussion of hibernation in mammals, 
I should like to remind you of some of the 
creatures with which he will probably deal. 
Every group of vertebrates, except birds, 
hibernates. But, of all the hibernating mam- 
mals, the hedgehog and the dormouse have 
emerged as the most popular subjects for 
study in the laboratory. 

The hedgehog is the less familiar of the two. 
It is a mammal of the order Insectivora, 
ordinarily about 10 inches long. In figure 1 
is illustrated a typical hedgehog on the verge 
of hibernation. It may be seen that its appear- 
ance is characterized by a surface of spines 
and a short tail. Not evident is its poorly 
developed brain. When startled or threatened, 
it rolls up into a ball from which spines pro- 
trude in all directions. 

From the Department of Medicine, College of Phy- 


sicians and Surgeons, Columbia University, New York, 
New York. 
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In contrast to the hedgehog, the dormouse 
is a friend of long standing. It is shown in 
familiar surroundings in figure 2. Not mani- 
fest in this illustration is the fact that it is a 
small, arboreal, squirrel-like rodent, which is 
more apt to be found in bushes and trees 
than at tea parties. But, by the close of the 
summer festivities, when it has gorged itself 
to extreme obesity, it curls up into a ball 
and hibernates until Spring. As will be re- 
ealled from figure 2, the dormouse may be 
roused from its torporous state only to lapse 
back into suspended animation when external 
stimulation ceases. 

It is to subjects such as these that Dr. 
Lyman has devoted much of his scientific life. 
Dr. Lyman has won world renown for his 
fresh observations and ingenious experiments. 
By training, he is a comparative anatomist 
who has exploited the special technics of 
physiology and biochemistry to unravel some 
of the mysteries of hibernation in mammals. 
He will review for us, in the light of his own 
researches, the present understanding of the 
biology of hibernation. 











Hibernation in Mammals 
By Cuarues P. Lyman, A.B., M.A., PH.D. 


Hibernation and enforced hypothermia in mammals are widely different physiologic states. 
Prior to hibernation there are various preparations for the hibernating state, including 
polyglandular endocrine involution, fattening and/or food storage, and changes in the 
saturation of depot fat in some animals. The actual causes for the onset of hibernation 
are unknown, for most hibernators can remain active at low environmental temperatures for 
long periods. Entrance into hibernation is under precise physiologic control, with heart rate, 
respiratory rate, and oxygen consumption slowing before a decline in body temperature. 
A reasonably high blood pressure is maintained during this period and in deep hibernation 
by an inereased peripheral resistance produced in part by vasoconstriction. Homeostasis 
is continued in hibernation, as evidenced by a normal blood pH, a sensitivity to inspired CO», 
and a response to ambient temperature below 0 C. by increased metabolic rate. At any 
time during entrance into hibernation or during hibernation the animal may arouse from 
this condition. Arousal is a coordinated physiologic event in which the anterior of the 
body is warmed rapidly by shivering and other heat generating mechanisms, while warmed 
blood is shunted from the posterior by differential vasoconstriction until the anterior reaches 
nearly 37 C. The tissues and organs of mammals that hibernate are capable of useful function 
at lower temperatures than the tissues of mammals that do not hibernate, but a hypothermed 
mammal that ean hibernate will die in hypothermia even though it lives longer and at a lower 
temperature than a mammal that can not hibernate. Hibernation must involve a resetting 
of the ‘‘physiologic thermostat,’’ which thus permits a controlled cooling of the animal, 





but the nature of this ‘‘resetting’’ is not known. 


HE BURGEONING INTEREST in 

hypothermia for surgery has aroused 
some curiosity among physicians in the natu- 
ral hypothermia that occurs seasonally in 
mammals that hibernate. There can be no 
doubt that natural hibernation as practiced 
by many bats, rodents and insectivores is 
a far less traumatic experience than the 
hypothermia that is forced on experimental 
animals, and a study of the former may help 
to clarify difficulties encountered in the latter. 
Quite obviously, both hibernation and hypo- 
thermia have in common a profound lower- 
ing of the usual body temperature of about 
37 C., but, beyond this similarity, it is ap- 
parent that hibernation in all its phases 
is a controlled and remarkably regulated 


From the Department of Anatomy, Harvard Medi- 
eal School, Boston, and the Museum of Comparative 
Zoology, Harvard University, Cambridge, Massachu- 
setts. 
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condition, while hypothermia consists vir- 
tually in a breakdown of temperature regu- 
lation that causes a weakening or collapse 
of other homeostatic mechanisms. 

It has often been stated that mammals which 
hibernate have an inadequate system of tem- 
perature regulation so that, when exposed to 
cold, their temperatures decline and the ani- 
mals enter the hibernating state. Actually, 
however, most hibernators that are not pre- 
pared for hibernation can stay active and 
healthy for months or even years at tem- 
peratures that are often fatal to the common 
laboratory animals of the same size.’ If, on 
the other hand, the potential hibernator is 
prepared for hibernation at the time it is 
exposed to cold, it may enter the state of 
hibernation within 24 hours. 


Preparation for Hibernation 
The nature of this preparation for hiberna- 
tion is not clearly understood, but it is cer- 
tain that the animal must be ready for 
hibernation or it will not hibernate. Most of 
the ground squirrel family become extremely 
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fat as the season for hibernation approaches, 
but this does not necessarily seem to be cor- 
related with an abundance of succulent foods. 
There is some evidence that the fatter ani- 
mals hibernate before the thin ones, but, fat 
or thin, they all eventually hibernate during 
the fall months, and come out of the hiber- 
nating phase of their yearly cycle when 
spring arrives. The length of daily illumina- 
tion has little, if any, effect upon this cycle, 
and the evidence to date indicates that the 
eyele is innate and receives few, if any, 
clues from the environment.’ 

Unlike the ground squirrels, the golden 
hamster is not truly cyclic and, if exposed 
to cold for sufficient time, will enter hiberna- 
tion at any time of year. Hamsters store 
large quantities of food prior to hibernation. 
If denied the ability to store, hibernation is 
delayed, as if there were some safety check 
that will not permit the animal to hibernate 
without adequate supplies for the winter.® 
Hamsters lose fat when exposed to cold prior 
to hibernation, and the fat that remains is 
less saturated and hence has a lower melting 
point than the fat from animals kept in a 
warm environment (fig. 1*).* This would seem 
like a nice mechanism to maintain fat in a 
liquid condition during hibernation, but we 
have been able to show, in both hamsters and 
ground squirrels, that hibernation is not de- 
layed when animals are fed a diet that re- 
sults in depot fat so saturated that it is 
actually solid in the hibernating animal. Con- 
trariwise, the onset of hibernation is not ac- 
celerated if the animals are fed a diet that 
results in body fat with a low melting point. 

In the small rodent hibernators, lack of 
nourishment may rapidly induce hibernation. 
The metabolic budget of a diminutive mammal 
is extreme, for the high surface-to-mass ratio 
results in a disproportionately large heat loss. 
When denied metabolic fuel, the North Ameri- 
can pocket mouse (Perognathus) enters the 
hibernating state and thus reduces its imme- 


*Figure 1 reproduced from Fawcett and Lyman: J. 
Physiol. 126: 235, 1954.4 By permission of the 
Journal of Physiology. 
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Figure 1 


Effect of cold exposure on the saturation of depot 
fat of hamsters and rats on various diets. Bar 
graph on right of each pair is the iodine number 
of the fat of animals exposed to cold. “Newol” is 
a highly saturated edible fraction of beef tallow. 
(From Fawcett and Lyman.) 


diate metabolic problem.® This is indeed a 
hibernation of desperation, for the food sup- 
ply may be as bad when they awaken as 
when they entered hibernation. Other small 
hibernators, notably bats and the European 
birch-mouse (Sicista)® usually allow their body 
temperature to drop any time they become 
inactive, though on other occasions they re- 
main warm. 

Apart from the condition of the animal 
as far as available food is concerned, there 
is evidence that the endocrine glands play a 
role in the preparation for hibernation. His- 
tologic studies have shown that prior to 
hibernation all the endocrine glands show a 
marked decrease in activity. Hence it has 
been postulated that a polyglandular involu- 
tion must take place before the animal can 
hibernate.’ The precise importance of the var- 
ious endocrines in setting the stage for hiber- 
nation has not been elucidated, and some of 
the observed endocrine involution may be sim- 
ply incidental. For example, the gonads of 
most hibernators involute right after the 
breeding season, which is several months be- 
fore hibernation occurs. Moreover, it seems 
reasonably certain that no single endocrine 
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gland controls the hibernating state, for re- 
moval of any one of them does not hasten 
the onset of hibernation. 


Hibernation 

In spite of its importance in the study of 
hibernation, the process of entering the hiber- 
nating state has been poorly understood. This 
is because the onset of hibernation is capri- 
cious and recording of the various changes 
involves instruments that can monitor a 
chronic preparation over long periods. Such 
instruments were unavailable a decade ago. 
It is natural to assume that a decline in 
body temperature would be the first indica- 
tion of hibernation and that other vital fune- 
tions would diminish in rate according to the 
van’t Hoff rule as the temperature dropped. 
Such is not the case, for respiratory rate, 
heart rate and oxygen consumption are all 
reduced before a detectable drop in body 
temperature occurs (fig. 2*). 
between this and enforced hypothermia is 
striking. In the hibernating animal, hiberna- 
tion occurs passively as if, as Prosser has 
so aptly stated, someone had ‘‘turned down 
the thermostat.’’® In enforced hypothermia 


*Figure 2 reproduced from Lyman: Am. J. Physiol. 


194: 83, 1958.% By permission of the American 
Journal of Physiology. 


The contrast 


LYMAN 


Figure 2 


Record of woodchuck enter- 
ing hibernation, showing chill- 
ing and rewarming during 
the first 2 hours, then a 
steady decline into hiberna- 
tion. Heart rate drops first 
followed by a decrease in oxy- 
gen consumption, and then in 
body temperature. Heart rate 
and oxygen consumption in- 
crease before body tempera- 
ture when animal rewarms. 
(From Lyman.** ) 
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the animal chills in spite of a violent meta- 
bolic effort to remain warm. 

The actual entrance into hibernation is 
under fairly rigid physiologic control, and 
the decline in body temperature is always 
slower than it would be if the ‘‘thermostat”’ 
were quickly changed from a setting of 37 
to 5 C. In most of the hibernators, bouts of 
shivering, often accompanied by gross mus- 
cular movements, take place from time to 
time. On these occasions the heart speeds 
and the metabolic rate increases. If the bouts 
are of long duration, the body temperature 
ceases to drop and often rises transiently. 
The result is that the animal may enter hiber- 
nation by uneven steps rather than in a 
smooth curve. At least one hibernator, the 
California ground squirrel, allows its body 
temperature to drop only part way toward 
the deeply hibernating state on its first at- 
tempt. With each subsequent entrance, the 
body temperature drops to a lower level, 
until it finally reaches a body temperature 
slightly above the ambient temperature of 
5 C. (fig. 37). It has been suggested that 
these precisely regulated drops serve to test 
the state of the animal, so that it never 





tFigure 3 reproduced from Strumwasser: Bull. 
Mus. Comp. Zool. 124: 285, 1960.° By permission of 
the Museum of Comparative Zoology. 


Circulation, Volume XXIV, August 1961 


~ i» ar 


BS ke O-! 


oe 


HIBERNATION IN MAMMALS 


lowers its body temperature below a level for 
which it is physiologically prepared.? Fur- 
thermore, each entrance into and arousal from 
hibernation in this animal takes place at a 
precise time of day, even in the absence of 
external clues, which suggests that the onset 
of hibernation is being controlled by some sort 
of an internal clock. 

The circulation during entrance into hiber- 
nation in the thirteen-lined ground squirrel 
is regulated with considerable precision. The 
first precipitous decline in heart rate, signal- 
ing the start of the whole process, causes a 
drop in blood pressure which, however, re- 
mains within the normal values for active 
animals (fig. 4*) The heart continues to slow, 
both by skipping beats and by reduction in 
the number of even beats (fig. 5). As hiber- 
nation deepens, this becomes more and more 
exaggerated until, in deep hibernation, the 
heart rate can be as low as 3 beats a minute, 
with periods of bradycardia lasting 30 seec- 
onds or more (fig. 6). Peripheral resistance, 
as indicated by the slope of the diastolic run- 
off, increases with the decline in body tem- 
perature, so that the mean blood pressure 
remains at remarkably high levels for such 
a slow heart rate. Undoubtedly part of the 
increase in peripheral resistance is due to the 
increased blood viscosity at low temperatures, 
but some of it must also be caused by vaso- 
constriction, for vasodilators and adrenergic 
blocking agents cause a decrease in peripheral 
resistance accompanied by an inerease in 
heart rate that may be in part compensatory 
(fig. 7). Since the temperature in every part 
of the body declines at an equal rate (see 
figs. 2 and 4), it is apparent that the vaso- 
constriction is generalized, and not confined to 
certain organs or areas.!° 

The preferential ambient temperature for 
hibernation in most mammals is a few de- 
grees above the freezing point of water. As 
the body temperature approaches that of the 
environment, the body temperature curve be- 





*Figures 4, 5, 6, 7, 9 reproduced from Lyman and 
O’Brien: Bull. Mus. Comp. Zool. 124: 353, 1960.° 


By permission of the Museum of Comparative 
Zoology. 
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Figure 3 


Brain temperature of a California ground squirrel 
entering hibernation in the cold during the sum- 


> 


mer, showing 3 test drops. M and N=midnight 
and noon. (From Strumwasser.? ) 


comes asymptotic, and, if the ambient tem- 
perature does not suddenly rise, the body 
temperature always remains slightly higher 
than the environment. The hibernating mam- 
mal is curled in a tight ball, with only the 
back exposed in the nest, and the low meta- 
bolic rate is enough to maintain this tempera- 
ture difference. Bats, which must roost and 
hibernate in an extended position, have a 
body temperature identical with the environ- 
ment if they are forced to hibernate singly. 
In deep hibernation the metabolic rate is 
often less than one-fiftieth of that of the 
awake animal at rest, and the body tempera- 
ture may be as low as 3 C. In spite of this, 
the animal maintains a remarkable degree of 
homeostasis. Although the blood sugar is low 
in some species during hibernation, it is nor- 
mal in others. The pH is essentially normal, 
and pCOz is low compared to the active ani- 
mal. In hibernation the respiratory centers 
remain remarkably sensitive, for an increase 
of ambient CO», above 4 per cent will cause an 
increase in the respiratory rate. The hiber- 
nating animal also retains a certain degree of 
homeothermism. Between ambient tempera- 
tures of about 4 and 15 C., the body tempera- 
ture passively follows the temperature of the 
environment. If the ambient temperature 
slowly drops to 0 C. or lower, the metabolic 
rate is increased and body temperature is 
maintained above the freezing point. Some- 


























hovers 


Hener Teme IAPC. 
fravom TEMP 361°C. 


a Vab em 
Aan 2P2. 


Figure 4 


Blood pressure (mm. Hg), 
heart and abdominal temperu- 
ture and heart rate of a 
therteen-lined ground squirrel 
entering hibernation. Blood 
pressure in dark area is high- 
est systole and lowest diastole 
recorded for a 1-minute pe- 
riod at 5-minute intervals. 
Heart rate and blood pressure 
decline before body tempera- 
ture. Heart remains slightly 
warmer than abdomen in hi- 
bernation. (From Lyman and 
O’Brien.?° ) 
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Figure 5 

A. Blood pressure and EKG 
of animal graphed in figure 
4. Uneven pattern of beats is 
typical for this stage. 4:26 
r.m.=1¥4 hours on figure 4, 
B. Same animal later. Pattern 
of beats and skipped beats is 
now even. (From Lyman and 
O’Brien.?° ) 





times the animal remains in hibernation with 
a higher metabolic rate, and on other occa- 
sions the metabolic effort is sufficient to cause 
arousal from hibernation. In other cases this 
rather low-grade temperature regulation is 
insufficient to protect the animal, and it 
freezes to death in hibernation."! 

Deep hibernation does not last throughout 
the winter in any mammal, for periodically 
the animal wakes, eats stored food if avail- 
able, voids, and returns to the hibernating 
state. The periods of arousal vary with the 
species. Hamsters generally hibernate for only 
3 to 5 consecutive days, ground squirrels for 
a few days longer, and bats may hibernate 
for a month or more without waking. 

During the periods of hibernation, cell 
growth and replacement are greatly reduced 


but not completely stopped. Although it has 


_been reported that mitotic activity is in 


abeyance during hibernation,!* we find mitotic 
figures in the erypts of Lieberkiihn of ground 
squirrels that have been hibernating con- 
tinuously for as long as 13 days. Radioactive 
iron, injected into continuously hibernating 
hamsters, is found in the erythrocytes, show- 
ing that hematopoiesis is continuing, albeit 
at a very slow rate. The reduced rate of cell 
production seems to be paralleled by a slow 
rate of cell aging and destruction, for eryth- 
rocytes tagged with chromium remain in the 
circulation for a much longer time in a 
hibernating animal than they do in an animal 
that is active.’* No experiment has been de- 
signed which proves that an animal in hiber- 
nation lives longer than its active litter mate, 
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Figure 6 

A. Same animal as figures 4 
and 5. Transient increase of 
heart rate at low body tem- 
perature. Note muscle action 
potentials on EKG denoting 
shivering. 

B. Same animal, now in deep 
hibernation. Blood pressure 
slightly damped. Blurring of 
EKG is electrical artifact. 
(From Lyman and O’Brien.?° ) 


Figure 7 

A. Pulse pressure in deep 
hibernation. 

B. Effect of acetylcholine. 
Faster diastolic run-off from 
slightly lower systolic pres- 
sure than in Figure 7A. 

C. Pulse pressure in deep 
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but it is interesting that bats, which may 
spend one-half of their life in hibernation, 
are extremely long-lived animals for their 
size. 

Earlier clinical work had suggested that 
neoplastic tissue might be differentially killed 
or its growth slowed by cold, and hibernating 
animals provided an excellent opportunity to 
test this premise. Homologous tumors im- 
planted in the cheek pouch of hamsters 
which then enter hibernation showed no de- 
tectable increase in size during the period 
of hibernation, though on microscopic exam- 
ination some of the cells appeared to be 
viable. As soon as the animals awoke from 
hibernation, however, growth of the tumors 
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resumed.'* Heterologous human tumors, im- 
planted in the same manner, also were not 
destroyed by the 5 C. temperature of hiber- 
nation and lived to grow again when the ani- 
mals awoke.” 

Animals exposed to radiation during hiber- 
nation show little or no cellular damage as 
long as they remain in the hibernating state. 
Once they have aroused from hibernation, the 
cell destruction begins and the length of the 
animal’s life is only prolonged by the number 
of days it has been in hibernation.1® The 
nature of this ‘‘radiation memory”’ is not 
understood, and its study may be a help in 
the clarification of the processes involved in 
radiation injury. Reparative processes, such 
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Figure 8 
Effect of hibernation on the 
reticulocyte response of in- 
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as hematopoiesis after bleeding, take place at 
an extemely slow rate, if at all, during hi- 
bernation and it is only after waking that 
the animal reacts to the stimulus for repair 
(fig. 8*).17 
Arousal 

Continuous hibernation throughout the 
winter months would be the most efficient 
way to avoid an unfavorable situation, but 
this does not occur in any species that has 
been studied. Although many theories have 
been advanced, the cause for periodic arousals 
is not understood. Arousal may be evoked 
from an animal in hibernation at any time 
if a sufficiently strong stimulus is applied, 
but the strength of the stimulus necessary to 








*Figure 8 reproduced from Lyman et al.: J. Exper. 
Zool. 136: 471, 1957.. By permission of the Journal 
of Experimental Zoology, 


dividual hamsters at 5 C. 
Animals bled on day zero. 
Hibernation delays and sup- 
presses the response. (From 
Lyman et al.?7) 





Figure 9 
Thirteen-lined ground squir- 
| rel waking from hibernation 
rw graphed as in Figure 4. Note 
difference in heart and rectal 
pw temperature. Blood pressure 
drops as rectal temperature 
rises. (From Lyman _ and 
O’Brien.?°) 
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produce the arousal seems to vary with the 
species and the physiologic state of the animal 
at the time. The process of arousal is a co- 
ordinated series of physiologic events in which 
the hibernator returns to the active state in 
a minimum of time using only heat gener- 
ated by its own body. In this orderly sequence, 
the control of the circulation is remarkably 
exact, and it is this circulatory control that 
permits the rewarming with such efficiency. 
Arousal from hibernation is in sharp contrast 
to the condition of an animal in enforced 
hypothermia where the ability to rewarm is 
almost completely lost. 

The process of arousal is apparently the 
same whether the awakening is evoked by an 
external stimulus or whether it occurs natu- 
rally during the hibernating cycle. One of 
the first signs of awakening is an increase 


Circulation, Volume XXIV, August 1961 


































1961 





{ 
t 


HIBERNATION IN MAMMALS 


44] 





. Figure 10 


Radiopaque material injected into heart of normal anesthetized hamster. X-ray taken 


2 seconds after start of injection. Note complete circulation of material. (From Lyman 
and Chatfield.?9 ) 


in heart rate accompanied by a decrease in 
peripheral resistance.’ The exact sequence of 
events is difficult to time, but respiratory 
rate and oxygen consumption rise before a 
detectable rise in body temperature. In the 
animals examined to date, the heart rate in- 
creases for several minutes before the blood 
pressure begins to rise (fig. 9). Once arousal 
is well under way, the rise in blood pressure 
is rapid and is accompanied by an ever- 
increasing metabolic rate. Shivering, which at 
first can only be determined electromyo- 
graphically, soon becomes so gross that the 
whole anterior portion of the animal shakes 
with the effort. 

It is characteristic of waking hibernators 
that the anterior of the animal warms rap- 
idly, while the posterior remains near the 
temperature of deep hibernation (see fig. 9). 
This interesting economy of effort is caused 
by a circulatory control that appears to be 
an exaggeration of an ability found in non- 
hibernating mammals. The rat rewarming 
from hypothermia shows some of the same 
capabilities but not to such a refined extent.1® 
Injection of radiopaque material into the 
left ventricle of hamsters arousing from hiber- 
nation has demonstrated that circulation to 


Circulation, Volume XXIV, August 1961 


the posterior part of the body is inhibited, 
and it is reasonable to assume that this is 
accomplished by differential vasoconstriction 
so that the circulation is mostly confined to 
the heart, lungs and brain (figs. 10* and 11). 
As arousal continues, the anterior portion of 


. the body warms to nearly 37 C. before the 


rectal temperature changes markedly. The 
rectal temperature then rises rapidly and 
within a few minutes the body temperature 
of the whole animal has returned to the con- 
dition found during the normal active state. 
While the anterior part of the ground squirrel 
is warming, the mean aortic blood pressure 
continues to rise, but, once the posterior 
starts to warm, the blood pressure either 
drops or remains level (see fig. 9). It seems 
probable that the heart is able to develop 
and maintain a very high blood pressure 
when the blood flow is restricted but that, 
when the whole circulation is dilated, it can- 
not compensate for the decrease in total 
peripheral resistance. The importance of dif- 
ferential vasoconstriction during the warming 
process can be demonstrated by intra-arterial 


*Figure 10 reproduced from Lyman and Chatfield: 
J. Exper. Zool. 114: 491, 1950. By permission of the 
Journal of Experimental Zoology. 








Figure 11 


Radiopaque material injected into heart of hamster waking from hibernation. X-ray 
taken 4 seconds after injection. Note lack of circulation to the posterior. 


injection of norepinephrine during the wak- 
ing process. If such an injection is carried 
out while the rectal temperature is rising rap- 
idly, the temperature ceases to rise for sev- 
eral minutes and the blood pressure increases. 
A series of such injections at intervals will 
cause the rectal temperature to rise in a step- 
wise fashion.!° 

The arousal from hibernation involves a 
great metabolic effort and it has been caleu- 
lated that as much energy is spent in one 
arousal as in 10 days of hibernation. Oxygen 
consumption rises rapidly as the anterior of 
the animal warms and reaches a peak at about 
the time the temperature of the anterior body 
attains 37 C. At the high point of metabolic 
effort, oxygen consumption is at least as 
great as in an active animal under conditions 
of maximum stress from exercise. The heart 
rate at the peak of metabolic effort is often 
100 times as fast as the slow rate of hiberna- 
tion. The whole animal seems geared to warm 
from its low body temperature in the least 
possible time, and the heart, beating at a rapid 
rate against a high head of pressure, may 
be an inefficient pump, but must contribute 
significantly as a heat source. 

If one can generalize about the hibernating 
cycle by combining the observations on var- 





ious species of hibernators, a fairly complete 
picture may be drawn. The animal in hiber- 
nation exerts a minimum metabolic effort 
conducive to life, deriving energy from stored 
fat, as evidenced by a respiratory quotient 
of 0.7. Vasoconstriction maintains a livable 
mean blood pressure, and other homeostatic 
mechanisms function efficiently enough to 
permit existence. However, the hibernating 
animal is always poised for arousal and even 
as slight a stimulus as a quick puff of air 
can sometimes start the waking. Once started, 
arousal usually is carried to completion. In 
arousal, the decrease in peripheral resistance 
is caused by a vasodilation of the anterior 
portion of the body, while the posterior re- 
mains vasoconstricted. Shivering and respira- 
tory movements contribute most of the heat 
to the waking process, though the totally 
curarized hamster can warm slowly from 
hibernation, presumably by using chemically 
engendered heat.1® The main source of 
energy appears to be carbohydrate, for the 
glycogen of liver and muscle is greatly 
depleted during arousal. We have suggested 
that arousal is mediated and driven by a 
mass discharge from those somatic and sym- 
pathetic centers in the central nervous sys- 
tem that control temperature regulation in 


Circulation, Volume XXIV, August 1961 





ee oe 





1961 


stl CCL 


7 RETR NH 


HIBERNATION IN MAMMALS 


the active homeothermic mammal.”° Although 
subcortical electrical exploration of the brain 
of the waking hamster has failed to implicate 
the hypothalamus in the early part of 
arousal,”! there can be no question that the 
whole process is under precise control and 
that the autonomic system must play a part 
in this regulation. 

The homeostasis that is typical of hiberna- 
tion is maintained at body temperatures which 
are usually lethal to animals that cannot 
hibernate, and it seems to be typical of hiber- 
nators that their organ systems can function 
at very low temperatures. Thus the peripheral 
nerve of the Norway rat ceases to function at 
9 to 10 C., while that of the hamster will 
conduct at temperatures as low as 2 C. (fig. 
12*).7° The hearts of most animals that do 
not hibernate stop between 16 and 10 C., 
while the hearts of some animals that hiber- 
nate will continue an organized beat at -1 C. 
At slightly below this temperature, the blood 
itself would freeze. If the heart rate is plotted 
against temperature in the perfused, isolated 
heart of a nonhibernating mammal, the graph 
is nearly linear, and the temperature at which 
the heart will stop can be predicted with some 
accuracy by extrapolating the slope of the 
temperature-rate curve at high temperatures. 
Dawe and Morrison** were the first to point 
out that this is nof the case in animals that 
hibernate, for there is a break in the tem- 
perature-rate curve at about 15 C., and the 
hibernator’s heart continues to beat at lower 
temperatures than would be predicted. The 
hearts of nonhibernating species that are 
phylogenetically closely related to species that 
do hibernate show no particular resistance to 
cold, yet the hearts of all species of hiber- 
nators that have been tested to date are 
resistant to cold even though they may be 
only remotely related phylogenetically (fig. 
13). This suggests that the ability to hiber- 
nate may have been developed separately 
among various species of mammals, and the 
ability to function at low temperatures is a 





*Figure 12 reproduced from Chatfield et al.: Am. 
J. Physiol. 155: 179, 1948. By permission of the 
American Journal of Physiology. 
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Figure 12 
Effect of temperature (C.) on the action potential 
of the isolated tibial nerve of hamster (left) and 
rat (right). (From Chatfield et al.**) 


result of the development of the hibernating 
habit.24 For those who consider hibernation 
a primitive characteristic, it is of some inter- 
est that the most primitive living rodent, the 
mountain beaver (Aplodontia), possesses a 
heart that is as sensitive to low temperatures 
as one of the most phylogenetically advanced 
rodents, the Norway rat (see fig. 13). 


The Physiologic Thermostat 
If one grants that the hibernators as a 
group possess organs and tissues that function 
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Effect of temperature on the rate of isolated hearts of hibernators (top four graphs) 
and non-hibernators (bottom four graphs). Closed circles=first cooling; open circles= 
rewarming. Triangles on graph of grey squirrel indicate ectopic ventricular beats only.®4 















at temperatures lethal to nonhibernators, it 
is not hard to imagine that the hibernating 
mammal could keep in a steady state by re- 
acting slowly, albeit effectively, to internal 
or external changes. The problem, however, is 
not simply one of cells and tissues that can 
function at unusually low temperatures. 
When exposed to extreme cold, an active hi- 
bernator resists chilling by pilo-erection, shiv- 
ering, and the other methods of heat genera- 
tion and conservation that are typical of 
mammals as a whole. If the cold is over- 
powering, body temperature drops and the 


hibernator enters a hypothermic state. In 
hypothermia, a hibernator will live longer, 
and at a lower temperature, than a mammal 
of the same size that is incapable of hiberna- 
tion. However, it cannot rewarm from near- 
freezing temperatures without exogenous heat, 
and if left in hypothermia it will die within 
24 hours. 

We are thus left with the concept that hi- 
bernators have some way of turning down or 
resetting their ‘‘physiologic thermostat.’’ Be- 
cause of this ability, they have a specialization 
of temperature control that is unique to them 
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alone among the vast array of mammals as a 
Class. The ‘‘resetting’’ must involve changes 
in both the somatic and autonomic nervous 


systems, 


but the precise nature of these 


changes is largely a mystery. We know that 
the changes must be coordinated and that 
every change must be reversible, so that it 
is not likely that some sort of endogenous 
metabolic depressant plays a key role in the 


process. 


It may be that hibernation is an 


exaggerated form of sleep. If so, it is a big 
enough problem to keep us busy for some time. 
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HIS MORNING’S PROGRAM will in- 
_ gmeed into 2 aspects of heart muscle. The 
first of these is morphogenesis : what is known 
about the way muscle cells grow and develop, 
singly, in culture, in vitro; and how the 
various components of the heart develop in 
vivo, accumulate, learn their positions within 
the organ, and differentiate in the embryo to 
produce the final structure. 
The second aspect will deal with contractile 
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IV. Contractile Proteins 
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Introduction 


By Lupwie W. Ercuna, M.D. 


protein. The function of muscle is to contract, 
and this unique biologic action is now uni- 
versally considered to be brought about by 
the contractile proteins, myosin and actin. 
The second half of the program will consider 
these 2 contractile proteins, derived from fail- 
ing and nonfailing hearts of animals and 
man. It will consider their biochemical and 
biophysical properties and their relationship 
to the genesis of congestive heart failure, 
particularly as it is seen in man. 

Without further ado, I should like to call 
on Dr. Irwin R. Konigsberg, who will con- 
sider ‘‘Some Aspects of Myogenesis in Vitro.’’ 


The Size of the Heart 


. . it is not absolutely true that people having large hearts are cowards, and on the 
other hand people having small hearts courageous. Avicenna expresses himself well by 
saying that in those who have large hearts and are cowards, the size of the heart is out of 
proportion to themselves and that such people ought to be called true cowards with their 
large hearts. Thus, when courageous persons have small hearts, they are really courageous. 
However, there might be courageous persons with hearts of the right and proportioned 
size.—R. Eriksson. Andreas Vesalius’ First Public Anatomy at Bologna, 1540: An Eye- 


witness Report. Uppsala and Stockholm, Almquist & Kiksells Boktryckeri Ab, 1959, p. 237. 
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Some Aspects of Myogenesis in Vitro 


By Irwin R. KoniesserG, PH.D. 


Suspensions of embryonic chick leg muscle cells have been employed to establish replicate 
monolayer cultures. Such cultures grow rapidly to form a confluent layer of cells. Despite 
culture conditions generally assumed to be ‘‘ dedifferentiative,’’ a high degree of differentiation 
is attained in terms of the development of cross-striated myofibrils and contractility. To 
evaluate the possible role of in situ nuclear replication in the development of multinuclearity 
in muscle cells, an inhibitor of deoxyribonucleic acid (DNA) synthesis, methyl-bis (beta- 
chloroethylamine) (nitrogen mustard), was employed. Treatment with nitrogen mustard at 
concentration levels that profoundly inhibit DNA synthesis does not block the formation of 
multinuclear cells. On the basis of the pattern of nuclear enlargement after nitrogen mustard 
treatment, the cytologic picture of treated cultures is interpreted as indicating that the 
nuclei of only mononucleated cells are normally capable of proliferation. An absence of 
proliferative activity in the nuclei of multinuclear cell suggests that myoblast proliferation 
is self-limiting in this system and may explain, in part, the high degree of differentiation 
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attained in monolayer culture. 


N DEVELOPMENTAL BIOLOGY, as in 
I the biologic sciences generally, a signifi- 
cant factor in the development of an area of 
research is often the choice of the most suit- 
able system. The system should permit ready 
manipulation of its components, rigid control 
of environmental factors, and accurate re- 
producibility. Tissue and organ culture tech- 
nics have, in the past, served admirably in 
approaching these goals.1 The development 
of satisfactory technics for preparing cell sus- 
pensions from organized tissues*»* and for 
cultivating such cells on a glass substratum‘ 
offers a degree of precision difficult to equal. 

Although tissue disaggregation has been 
applied fruitfully to the problem of cell affini- 
ties and the factors controlling the reorgani- 
zation of tissue architecture,>" the extension 
of the technic to the cultivation of dispersed 
cells has not been widely applied to develop- 
mental problems.!!-!7_ This is understandable 
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in view of the prevailing opinion, which holds 
that cellular differentiation depends on cell 
density.1® With respect to this viewpoint, cell- 
culture technics may present an opportunity 
to explore the nature of such a dependence. 

The present studies deal with the use of 
monolayer cultures of cell suspensions to ex- 
amine cellular differentiation in embryonic 
muscle cells. Embryonic skeletal muscle cells 
grow in cell culture and, when confluency is 
approached, differentiate into elongated mul- 
tinuclear cells in which the development of 
typical cross-striated myofibrils occurs pro- 
gressively and which acquire the ability to 
contract vigorously.?® 


Culture Methods 


The sparsity of extracellular connective-tissue 
fibrils and the relatively greater extracellular 
space of embryonic tissues render them more 
readily dissociable by brief treatment with dilute 
trypsin than adult tissues. Leg muscle from 11- 
to 12-day-old chick embryos can be disaggregated 
by a 10-minute incubation at 37 C. in 0.05 per 
cent crude trypsin. Tryptice action is stopped by 
diluting the incubation mixture with an equal 
volume of cold complete growth medium. Any 
undigested tissue residue is removed by successive 
filtration through gauze and 200-mesh bolting 
silk. The filtered cell suspension is centrifuged 
at low speed (1,000 r.p.m.), the supernatant 
decanted and the cells are resuspended in fresh 
growth medium. The cell suspension is then 
counted in an ordinary hemocytometer, and the 








Figure 1 
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A. Section through leg muscle of 12-day chick embryo fixed in Allen’s B15, stained with 
hematoxylin and eosin. Note the two prominent multinuclear cells in the center of the 
field. (X 210.) B. Cell suspension of embryonic leg muscle cells photographed in the 
hemocytometer chamber. (Phase contrast. X 500.) 


desired aliquots are delivered to an appropriate 
culture vessel—for most purposes, a 5 em. diameter 
Petri plate. 
The Initial Inoculum 

One of the more disagreeable aspects of 
differentiation from the experimenter’s view- 
point is its lack of synchrony. Thus, in chick 
leg muscle at 12 days of incubation, although 
there are large numbers of undifferentiated, 
mononucleated cells, many of the cells are 
further advanced. These comprise cells with 
varying degrees of multinuclearity, as well 
as some cells that are obviously cross-striated 
(fig. 1). Careful examination of the cell sus- 
pensions, however, indicates that they consist 
principally of mononucleated cells. Table 1 
gives the distribution of nuclei per cell in 4 
suspensions smeared, fixed, and stained im- 
mediately after preparation. The fate of the 
larger cells present in the tissue is obscure. 
They may be damaged during preparation, 
filtered out with the undigested residue, or, 
as has been suggested by Rinaldini,’* broken 






up into viable subunits as a consequence of 
trypsin treatment. The lability of the multi- 
nuclear condition has, in fact, been observed 
in culture.?°22 
Differentiation 

The conditions of cell culture are generally 
assumed to favor neither differentiation nor 
the retention of differentiative character. This 
is apparently not true for embryonic muscle 
cells using the technics described above. 
Twenty-four hours after the cell suspension 
is pipetted into the Petri plates, the cells 
settle out and attach to and flatten against 
the glass substratum. The culture presents 
the appearance of a typical culture of ‘‘fibro- 
blast-like’’ cells. Although the cells increase 
in number, they remain ‘‘fibroblast-like’’ until 
confluency is approached. At this time, large 
numbers of extremely long multinuclear rib- 
bon-like cells appear, which crisscross through- 
out the culture (fig. 2). Using an initial 
inoculum of 5 X 10° cells per 5 em. Petri 
plate, this process of multinuclear cell for- 
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Figure 2 

Developmental sequence in monolayer cultures of embryonic chick muscle cells. A. 

Cultured cells 2 days after plating present typical “fibroblast-like” appearance (Calcium- 

fl formol fixation, Ehrlich’s hematoxylyin. X 63.) B. Multinuclear “ribbon-like” cells that 
have formed in a sister culture (of A) incubated for 2 additional days. Note the increased 
} cytoplasmic basophilia of the multinuclear cells and the degree of crowding of their 
nuclei. (Fixation, staining, and magnification as in A). C. Cross-striated myofibrils 

; in @ multinucleated muscle cell in 7-day-old culture. (Polarizing optics, X 400.) D. 
‘ Myofibrillar pattern in a glycerol-extracted 10-day-old culture. (Phase contrast optics. 
X 400.) E. Distribution of reduced tetrazolium (Nitro BT), using DPNeH as a substrate, 

in a multinuclear muscle cell of an 8-day culture. The regular pattern of deposition 


4 mimics the localization of mitochondria adjacent to the I-bands. Note the central row 

S } of nuclei visualized by the absence of diformazan granules. (Fresh. tissue, 15-min. 

t histochemical incubation, postfixation in cold calcium formol, X 400.) 

s 

. | mation occurs between the third and fourth tiguous) have been observed in vivo and dem- 
‘a day of culture. In addition to their multi- onstrated to be due to the accumulation of 
il nuclearity, 2 other cytologic features dis- ribonucleic acid.?* *4 

re tinguish the primitive muscle cells from the 2. The presence of large numbers of mito- 
< mononucleated cells in culture at this time: chondria in the cytoplasm of the multinuclear 
be i 1. The cytoplasm of the multinuclear cell cell? can be demonstrated histochemically by 
al is extremely basophilic. Similar increases in tetrazolium reduction using either succinate,”® 
ri | basophilia of myotubes (multinuclear muscle DPNeH, or TPN*H as a substrate. Although 
* cells with centrally located nuclei, often con- reduced tetrazolium can be localized in mono- 
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Table 1 
Distribution of Nuclei per Cell in Cell Suspen- 


sions Prepared from 12-Day Embryonic Chick 
Leg Muscle 











Days 
Figure 3 


Semilogarithmic plot of the accumulation of 
deoxyribonucleic acid (DNA), open circles, and 
protein nitrogen (PN), closed circles, per culture. 
PN values are divided by a constant factor (10) 
to permit visual comparison of slopes. 


nucleated cells, it is extremely sparse except 
in the macrophages. 

Sometime between the seventh and tenth 
day of culture, spontaneous contractions of 
the multinuclear cells can be observed. Spon- 
taneous contraction of skeletal muscle cells 
in culture was first described by Lewis.?* 

Although cross-striation is not strikingly 
apparent using routine hematoxylin staining 
or phase-contrast microscopy, the pattern can 
be clearly observed with polarizing optics or 
under phase-contrast microscopy after extrac- 
tion of the cultures with cold 50 per cent 
glycerol. Glycerol extraction permits detec- 
tion of cross-striations between the sixth to 
seventh day of culture. Although at first the 
pattern can be observed in only short lengths 
of a few cells, with time the extent of the 
pattern and the number of cells in which it 
ean be observed increase. Under polarized 








Number of nuclei per cell 
One Two 


Total—all 
Three Four classes 








t 172 24 4 1 201 
a 92 11 1 0 104 

131 32 4 1 168 
z 181 5 2 1 219 
s Totals 576 102 11 3 692 
& % 832 147 4416 04 





light, longitudinal birefringent fibrils can be 
detected even before cross-striation can be 
observed. Similar fibrils are observed in 
hematoxylin-stained preparations. As Holtzer 
has pointed out, it is difficult to know whether 
such fibrils are in fact unstriated or have a 
striated pattern below the limits of resolution 
of the technics employed.*® 

The cross-striated pattern is demonstrable 
by still a third technic. The mitochondria of 
striated muscle are arranged adjacent to a 
particular band (I-band in skeletal muscle, 
A-band in cardiac muscle).2® When histo- 
chemical tests for either DPN*H- or TPN*H- 
cytochrome c reductases are applied, the di- 
formazan deposits are found adjacent to the 
I-bands as with adult muscle,”**° registering 
the pattern of cross-striations by the localiza- 
tion of mitochondria (see fig. 2). 

The progressive nature and degree of differ- 
entiation observed in these cultures indicate 
that dispersed cell culturing, per se, is not 
necessarily incompatible with differentiation. 
When such incompatibility is observed, any 
of several possible factors may be responsible. 
Among these are: (1) enhanced diffusion 
coupled with an inadequate medium, (2) un- 
restricted proliferation that might lead to di- 
lution of a developmentally significant cellular 
component, (3) karyotypic changes, and (4) 
overgrowth by an altered cell or one of dif- 
ferent competence (i.e., fibroblast). 

Excessive cell proliferation, whatever the 
ultimate mechanism, has frequently been im- 
plicated in the loss, either permanent or tran- 
sitory, of differentiative expression. An as- 
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sumed antagonism between proliferation and 
differentiation has long received theoretical 
attention, at least, from developmental biolo- 
gists. Indeed, one of the characteristics of 
organ culture that is commonly employed to 
study differentiation is reduced proliferation. 

An examination of the parameters of cul- 
ture growth was undertaken to evaluate the 
possibility of such an antagonism in the sys- 
tem under examination. 


Biochemical Parameters of Culture Growth 

Overall proliferation has been measured by 
the daily increment of DNA per culture. As 
an index of cell size as well as cell number, 
the protein nitrogen (PN) content of cultures 
has been followed. The relative growth rate* 
of DNA (0.0416) agrees well with the maxi- 
mum rate reported by Harris*! for the in- 
erease in cell number of embryonic skeletal 


. 2.303 (log Ne — log Ni) 
T.—Ti 
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Photomicrographs of replicate microdrop cultures 
grown in 5 microliter drops of medium plated 
under paraffin oil. (Fixed in acetic-alcohol (1:3), 
stained with Ehrlich’s hematoxylin.) A. Culture 
fixed 24 hours after plating. (X 30.) B. Culture 
fixed 48 hours after plating. Large multinuclear 
cell areas stain more darkly. (X 30.) C. Culture 
fixed 72 hours after plating. Throughout this 
series there has been an obvious increase in cell 
number as well as in the area occupied by multi- 
nuclear cell masses. (X 30.) D. Enlargement of 
an area of culture C. Note the groups of con- 
tiguous nuclei and the well-defined boundary of 
the multinuclear cell. Arrow indicates nucleus 
of superimposed mononuclear cell. (X 185.) 


muscle cells despite the differences in media 
and technics used. Figure 3 is a semilogarith- 
mic plot of DNA and PN changes per culture 
for the first 5 days of the culture period start- 
ing from an inoculum of 5 X 10° cells. Log- 
arithmie increase of both DNA and PN occurs 
for the first 3 days; PN accumulates during 
this period at a slower rate than DNA, the 
relative growth rates being 0.0416 for DNA 
and 0.0248 for PN. Whether the resultant 
decrease in PN per DNA indicates a progres- 
sive decrease in cell size or differential growth 
of the various cell types in the culture popu- 
lation is not known. 

With an initial inoculum of 5 X 10° cells, 
a break occurs in the rate of accumulation of 
both DNA and PN between the third and 
fourth day of culture. The appearance of 
multinuclear ‘‘ribbons’’ immediately precedes 
this break. After the break, DNA and PN 
continue to accumulate but at a much slower 


rate. 
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Figure 5 
Semilogarithmic plot of nuclear number with time 
in the total population, open circle, and in syn- 
cytial masses, closed circle. 


These results extend the qualitative obser- 
vation that an increase in cell number occurs 
during the initial period of cultivation. They 
indicate, moreover, that during this period 
proliferation is rapid, the population doubling 
every 24 hours. Although a break in the rate 
of accumulation of both DNA and PN is tem- 
porally associated with the period of multi- 
nuclear cell formation, any attempt, at pres- 
ent, to assess the extent to which these events 
are causally related would be premature. 

These data are an indication of overall 
growth; however, they do not, of course, per- 
mit a distinction between the contributions 
made by the various cell types in heterelogous 
populations such as these. 


Nuclear Counts 
Nuclear counts were made in order to com- 
pare the rate of development of multinucleari- 
ty with the rate of cell proliferation. Reduc- 
tion of the population size to magnitudes that 


would permit counting of nuclei was achieved 
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by depositing measured microdrops (5 ph. 
volumes) of cell suspension on coverslips sub- 
merged under paraffin oil. Paraffin oil has 
been employed successfully in microdissection 
to prevent evaporation of the medium while 
permitting gas exchange.** 

At 24-hour intervals after depositing the 
microdrops, cultures were fixed, stained, and 
counted. 
graphs of such cultures fixed at 24, 48, and 
72 hours after plating. Grossly it is apparent 
that the population has increased throughout 
the period and that the area occupied by mul- 
tinuclear cells (dark-staining cytoplasm) has 
increased, at least between the first and second 
day. Identification of syncytial nuclei is fa- 
cilitated by the fact that the majority of the 
nuclei within syncytia are, at this stage, con- 
tiguous. Additional criteria are the marked 
basophilia of the cytoplasm of the multinu- 


Figure 4 consists of photomicro- 


clear cells and the more regular spherical 
shape of syneytial nuclei. The occasional 
superimposition of a mononuclear cell over 
a multinuclear cell can be readily detected 
by differences in focal plane as well as by trac- 
ing cell boundaries (see arrow, fig. 4). 

In figure 5 values for syneytial and total nu- 
clear counts are plotted semilogarithmically. 
Both sets of data have been plotted similarly 
for purposes of comparison. The assumption 
is made that the increase in nuclear number 
is an exponential function, an assumption 
probably applicable to mononucleated cells on 
theoretical grounds but of perhaps dubious 
validity with respect to multinucleated cells. 

The relative growth rate of the total nuclear 
population (0.0393) is in good agreement with 
DNA 
(0.0416). The growth rate of syncytial nuclei, 


the relative rate of accumulation 
however, is twice (2.2) the rate of increase 
of the total population. If the assumption 
were made that multinuclear cells represent 
a discrete and separate population of cells in 
which increase in nuclear number is the re- 
sult of nuclear replication in situ, the differ- 
ence in rates of increase of the 2 nuclear popu- 
lations would become greater still. 

If we consider increases in mononucleated 
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Deoxyribonucleic acid per culture, expressed as 
percentages of the control level (C,) at the time 
of treatment with nitrogen mustard. Control, 
closed circle; 0.52 X 10-7 M, open circle; 1.56 
xX 10-7 M, closed triangle; 2.6 X 10-7 M, open 
triangle; 5.2 X 10-7 M, closed square. 


cells alone, a relative growth rate of 0.0197 
is found, which .is less than one-fifth of the 
rate of increase in syncytial nuclei. 

Nuclear counts demonstrate, in addition, 
that at some stage nuclear division has oc- 
curred in the population of prospective myo- 
genie cells. Figure 5 indicates that by the 
third day of microdrop culture the number 
of syncytial nuclei is almost twice the total 
number of nuclei present at 24 hours. Even 
assuming that all of the nuclei present at 24 
hours are of myogenic cells, an assumption 
not supported by the multiplicity of cell types 
observed in culture, this is a clear indication 
of proliferative activity on the part of the 
myogenic elements. 

On the evidence currently available, it seems 
most likely that this proliferation occurred 
before the myogenic cells became multinu- 
clear. 
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Figure 7 
Specific activity of DNA-thymine in control (C) 
and nitrogen-mustard—treated (1.56 X 10°’ M) 
cultures (HN2) during the period from 20 to 
26 hours after treatment. 


Mitotic figures are rarely, if ever, observed 
in multinuclear muscle cells.' In the extensive 
cultured material used in these studies they 
have never been observed. This fact has led 
to the postulation of 2 alternative mechanisms 
to explain the development of multinuclearity. 
One view holds that nuclear replication does 
occur but by a process of direct splitting of 
the nuclei. Support for this hypothesis is 
based largely upon the interpretation placed 
on cytologic preparations. Various deforma- 
tions of syncytial nuclei have been described 
that suggest incipient or recent splitting.**** 
Alternatively, it has been postulated that mul- 
tinuclearity results from successive fusion of 
mononucleated cells.?% 7 36, 37 


The Dissociation of DNA Synthesis from the 
Development of Multinuclearity 


If multinuclearity is a product of nuclear 
replication, it would be reasonable to assume 
the involvement of DNA synthesis. If division 
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Photomicrographs of living cultures on 3 successive days following treatment with 






the highest concentration (5.2 X 10-7 M) of nitrogen mustard investigated. A. Control 
culture at the time of application of nitrogen mustard to the experimental group. 
Multinuclear cell formation has been initiated (note relatively small multinuclear cell). 
B. Culture 24 hours after treatment with nitrogen mustard. Multinuclear cell formation 
has continued producing typical elongated broad ribbon-like cells. C. Mustard-treated 
culture 48 hours after treatment. By this time a marked decrease in the number of 
mononucleated cells has occurred. No such loss of mononucleated cells occurs in 
control cultures. Note dark, presumably necrotic, crenated cells. D. Mustard-treated 
culture 72 hours after treatment. The culture is primarily a network of multinuclear 





cells with bare interstices normally occupied by mononucleated cells. 


occurred without DNA synthesis, the distri- 
bution of values for DNA per nucleus within 
muscle cells should be weighted toward values 
lower than the diploid value. However, the 
data of Lash et al. indicate that no such 
skewness exists.?3 

To test independently the premise that mul- 
tinuclearity is a product of nuclear replica- 
tion, an inhibitor of DNA synthesis, nitrogen 
mustard [methyl-bis(beta-chlorethyl) amine], 
was employed.’® Solutions of nitrogen mus- 
tard were applied to cultures prior to mas- 





sive formation of multinuclear cells. The 
effects of the inhibitor on DNA accumulation 
and the incorporation of C*-formate into 
DNA thymine are graphed in figures 6 and 7 
respectively. DNA accumulation is profound- 
ly affected even at the lowest dosage tested, 
and the rate of incorporation into DNA thy- 
mine is reduced to less than 15 per cent of the 
control level by this treatment. 

Despite these profound effects on DNA syn- 
thesis, treatment with even the highest con- 
centration of nitrogen mustard used (5.2 
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1077 M) did not inhibit the development of 





Figure 9 


Control and nitrogen-mustard-treated cultures of cell suspensions concentrated and 
replated, 24 hours after treatment (1.56 X 10-’ M). Cultures were fixed in 10 per 
cent neutral formalin and stained with Harris hematoxylin 24 hours after replating. 
A. Control culture in which multinuclear cell formation has occurred. (X 210.) B. 
Culture of nitrogen-mustard-treated cells. Despite treatment multinuclear cell forma- 
tion has occurred (linear arrangement of nuclei in more basophilic cytoplasm). The 
giant nuclei of treated mononuclear cells can be seen between the multinuclear cells 
whose nuclei are closer in size to the nuclei of control cultures. (X 210.) C. Control 
culture at higher magnification. Note the relatively uniform size of the plural nuclei 
in the multinuclear cell. (X 495.) D. Multinuclear cell of treated culture at higher 
magnification. Nuclear size is more variable than in the control multinuclear cell (C). 
Arrow indicates the presence of nuclear fragments or micronuclei. (X 495.) 


treatment. In these experiments the attain- 


multinuclearity (fig. 8). Grossly, there did 
not appear to be any fewer multinuclear 
‘“‘ribbons’’ in nitrogen-mustard-treated cul- 
tures. The mediation of any lag in the effect 
of nitrogen mustard was ruled out by testing 
the ability of treated cells to form multi- 
nuclear myotubes during the second day after 
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ment of multinuclearity during the 24-hour 
incubation period after mustard treatment 
was circumvented by using sparsely seeded 
cultures. To test the capacity to form multi- 
nuclear cells, these cultures were then trypsin- 
ized, the cell suspension concentrated, and 
denser cultures set up in smaller vessels. 
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Again, nitrogen-mustard treatment did not 
prevent the development of multinuclearity 
(fig. 9). Cytologically the nitrogen-mustard- 
treated cultures present further evidence 
which suggests that the nuclei of the multi- 
nuclear cells are normally nonproliferative. 

In his pioneering studies on the developmen- 
tal effects of nitrogen mustard, Bodenstein 
demonstrated that extreme nuclear enlarge- 
ment and giant-cell formation were common- 
ly observed after mustard treatment.** °° 
The effects occurred only in those cells that 
would normally have been described as pro- 
liferative. This was most clear-cut in the case 
of the eye of the amphibian larva where a 
sharp demarcation exists between the pro- 
liferative zone and the zone of postmitotic 
differentiating cells. 

A similar situation exists in nitrogen-mus- 
tard—treated muscle cultures. Here the cells 
that exhibit marked nuclear enlargement are 
the mononucleated ‘‘fibroblast-like’’ cells. The 
nuclei of the multinuclear cells that form after 
treatment are closer to normal size. However, 
the effect of nitrogen-mustard treatment is 
evident in these nuclei also by virtue of the 
wider variation in nuclear size than is nor- 
mally seen (compare figs. 9C and 9D) and 
the presence in both cell types of nuclear frag- 
ments or micronuclei. 

The analogy suggested is that the ‘‘fibro- 
blast-like’’ cells correspond to the eells of 
the proliferative zone in Bodenstein’s work, 
while the multinuclear cells correspond to the 
postmitotic differentiating cells. 

The results of the studies with nitrogen 
mustard indicate that nuclear proliferation 
plays no significant role in the development 
of multinuclearity in the system under study 
and are compatible with the conclusions drawn 
from studies representing a variety of ap- 
proaches. 

Thus, microspectrophotometric analysis of 
regenerating mouse muscle indicates an essen- 
tially unimodal (diploid) distribution curve 
of DNA per nucleus in regenerating myo- 
tubes.2* Myoblast fusion has been observed*® 
and recorded microcinematographically,?* * 
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It has also been reported that interordinal 
chimera form in mixed cultures of mouse and 
chick myoblasts.*” 
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Differentiation of the Atrioventricular Conducting 
System of the Heart 


By Rosert L. DEHaan, PH.D. 


The structure and function of the atrioventricular conducting system of the heart, and its 


relationship to the myocardium, are examined from a developmental point of view. On the 
basis of information derived from electron micrographic, electrophysiologic, and developmental 
studies of heart tissue, it is concluded that: (1) The idea of the syncytial nature of the 
heart lacks a sound anatomie basis. (2) Cytodifferentiation during embryonic cardiogenesis 
results in the development of at least 2 distinct populations of cells: those comprising the 
bulk of the myocardium and a second type, the specialized cells of the conductive tissue, 
which differs in histology, biochemistry, and physiology. (3) The common view of the myo- 
eardium as a spontaneously active tissue may require revision, since several lines of evidence 
appear to indicate that myocardial cells are quiescent until stimulated by an extrinsic 
source. Under normal circumstances, this stimulus source is the conductive tissue. 


HE DEVELOPMENTAL physiologist is 
interested, not only in the changing func- 
tions and interrelationships of organs and 
tissues in the embryo, he is also concerned 
with the application of information and con- 
cepts obtained from the fields of developmen- 
tal biology to problems of adult physiology. 
The problem of the structure and function 
of the atrioventricular conducting system of 
the heart is particularly interesting when ex- 
amined from a developmental point of view. 
In the early embryonic heart, the endo- 
cardium and epicardium are separated by a 
thick gelatinous layer, the ‘‘eardiac jelly.’”! 
Distributed through this matrix are mesenchy- 
mal cardiac myoblasts, from which the bulk 
of the myocardium and, presumably, the con- 
ductive tissue will form. As the myoblasts 
begin to differentiate, taking on the charac- 
teristics typical of heart muscle, the conduct- 
ing tissue becomes progressively more easily 
distinguishable. This divergence may be in- 
terpreted in two ways. One is that it results 
from the simultaneous development of the 
conductive system and myocardium along dis- 
similar paths of differentiation. It is often 
stated, however, that conductive tissue is only 
‘*specialized’’ myocardium in which certain 
properties, for example conductivity and 
spontaneity, are exaggerated.2 Authors tak- 
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ing this position usually note that these 
properties are ‘‘embryonic’’ in character. 
Thus, the second possibility is implied: that 
the two tissues are basically similar during 
embryogenesis, differentiating along the same 
route, but at different rates. At any given 
stage of development, the conductive system 
should then be less highly differentiated than 
the surrounding myocardium, but should not 
exhibit any qualitatively different charac- 
teristics. 

We find ourselves concerned, then, with the 
degree of difference between myocardium and 
conductive tissue. Are fibers of these two 
types characterized by distinct histologic, 
eytologic, and biochemical properties? Do 
such differences underlie clear-cut physiologic 
differences of more than a quantitative na- 
ture? Do myocardial and conductive fibers, 
in fact, constitute two different tissues? 

I shall examine these questions by drawing 
upon the literature concerning the physiology 
and development of the heart of various 
mammals, and of the chick embryo. Numer- 
ous investigators have noted the basic similari- 
ties in cardiac development of these forms. 


Histodifferentiation 
During the early period of cardiogenesis, 
curvature and differential growth change the 
heart from a primitive straight tube to a 
complex S-shaped organ in which the four 
adult chambers are clearly represented (fig. 
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DIFFERENTIATION OF THE A-V CONDUCTING SYSTEM 


1). The beat is initiated at the posterior end 
of the heart. As the primordial atrioventricu- 
lar (A-V), atrial, and sinoatrial (S-A) re- 
gions progressively form, each of them, in 
turn, takes over the pacemaker function, in- 
itiating the beat for the entire heart. At these 
early stages the primordial atrial and ven- 
tricular muscle are in direct continuity around 
the entire circumference of the A-V canal. 
A stimulus arising in the sinoatrial region 
should be able to spread throughout the heart, 
freely to all areas. That this is true has been 
demonstrated by Patten* who cut away all of 
the tissue around the A-V canal of a 4-day 
chick heart except for a narrow connecting 
strand (fig. 2).* This strand then served as 
an ‘‘artificial bundle’’ to conduct the sino- 
atrial rhythm to the ventricles. He found 
that it made no difference whether the con- 
necting strand was left at the site where the 
normal bundle would later develop (marked 
with an asterisk in fig. 2), or whether the 
strand was left on the opposite wall of the 
heart. 

During the fifth and sixth weeks of human 
development, endocardial and epicardial con- 
nective tissue gradually encroaches on the 
myocardium at the A-V sulcus and invades 
this connecting zone. The separation of the 
atria and ventricles is ultimately completed 
all the way around the sulcus, as the primor- 
dial fibrous skeleton of the heart is formed. 
However, early in the sixth week of develop- 
ment (9 to 10 mm. human embryo), a com- 
pact cluster of cells makes its appearance 
in the posterior wall of the A-V canal, toward 
its right side.* This is the A-V node, in cel- 
lular continuity with the atrial muscle above 
and narrowing into the A-V bundle below. 
The bundle runs across the top of the thick 
interventricular septum, behind and under 
the dorsal endocardial cushion (fig. 3+). At 
this stage relatively little cytologic differen- 
tiation has yet occurred in either the node or 





*Figure 2 reproduced from Patten: Univ. Michi- 
gan M. Bull. 22: 1, 1956.2 By permission of the 
Michigan University Medical Bulletin. 

tFigure 3 reproduced from Walls: J. Anat. 81: 
93, 1947. By permission of the Journal of Anatomy. 
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D.29 som. E..45 som. 
Figure 1 

Early stages in cardiac morphogenesis. In the 
chick the stages illustrated would be at about 
(A) 36 hours, (B), 46 hours, (C) 52 hours, (D) 
62 hours, and (E) 31% to 4 days. Equivalent stages 
would occur during the first 4 weeks of develop- 
ment in the human. At (L and R), left and right 
atrium; Ao., ventral aortic root; A.V.C., atrio- 
ventricular constriction; Con., conus arteriosus; 
C.V.C., conoventricular constriction; End., endo- 
cardial tube; I.V.G., interventricular groove; 
O.M.V., omphalomesenteric vein; My., cut edge 
of myocardium; V, ventricle. (Redrawn from 
Patten.®9 ) 


bundle. The bundle, of course, is not in- 
vaded by the encroaching connective tissue 
and remains as the single fascicle of conduct- 
ing fibers connecting the atria and ventricles. 

Within a week or 2, the bundle branches 
arise, and the node and bundle become 
clearly distinguishable from the surrounding 
myocardium as pale-staining meshworks of 
eells with rounded nuclei, containing scat- 
tered and poorly striated myofibrillae (fig. 
4). As they approach the apex of the heart, 
both the left and right bundle branches ram- 
ify into progressively smaller groups of fibers 
with much interlacing and ‘‘anastomosis.’’> © 
The cells of the branches, proximally, are 
similar histologically to those of the bundle 
itself, which in turn resemble nodal cells. As 
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B. 
Figure 2 
Heart of a 4-day chick embryo dissected to leave 
a connecting muscle strand between atrium and 
ventricle, simulating an ectopic A-V bundle. A. 
Dorsal view of heart with diagonal hatching indi- 
cating the tissue to be removed. B. Same, heart 
after dissection (From Patten*). 


the branches ramify distally, they become 
swollen and ‘‘watery,’’ exhibiting a central 
juxtanuclear hyaline space, peripheral poorly 
formed myofibrils, and scattered mitochon- 
dria; that is, they become typical Purkinje 
fibers (fig. 5). In the human embryo, such 
fibers do not appear until rather late, prob- 
ably between the tenth and fifteenth week 
of development (60 to 100 mm.)* 7 However, 
by the end of the fetal period, a complex, 
interlacing basketwork of specialized fibers 
invades all parts of the ventricular muscula- 
ture. A reconstruction of the entire ventric- 
ular conducting system is shown in figure 6, 
which is a retouched photograph of a model 
made by Lydia DeWitt. It shows the A-V 
node, bundle, branches, and the major rami- 
fications. The fine ‘‘terminal’’ Purkinje 
fibers are not shown. (Throughout this 
paper, the tissue comprising the S-A and 
A-V nodes, the bundle, branches, and Pur- 
kinje fibers, will be referred to as ‘‘conductive 
tissue.’’) 

The consequence of all this embryonic his- 
todifferentiation is the presence of two readily 
distinguishable types of fibers in the adult 
heart of most mammals and birds. Some of 
their respective properties are summarized 
in table 1, which compares certain histo- 
chemical and cytologic properties of typical 
myocardial, conductive, and embryonic heart 
cells. 

In spite of their manifest differences, we 
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should remember that many similarities also 
exist between myocardium and conductive 
tissue. Both types of fibers exhibit inter- 
ealated dises, striated myofibrils, sarcosomes, 
and other cytoplasmic inclusions characteris- 
tic of muscle. Both contain antigenic com- 
bining groups of cardiac myosin.*! More- 
over, it is now generally accepted that they 
are also physiologically similar, in that all 
heart tissue is characterized by the 3 funce- 
tional properties: contractility, conductivity, 
and spontaneity. Let me quote from 2 repre- 
sentative sources on this matter. In a recent 
paper on the ‘‘Microanatomy of Muscle,’’ 
Walls?” states that: 


‘*Cardiae muscle tissue is found only in the heart 

and surrounding the mouths of the great veins 

which enter it. In some ways it resembles both 
voluntary and smooth muscle, yet in its rhythmic, 
unceasing activity from early embryonic life until 

death, it stands alone.’’ (p. 52). 

And, in his chapter in Fulton’s Physiology, 
Nahum? ealls our attention to the fact: 

‘‘that all parts of the musculature of the heart 

are inherently capable of autogenie rhythmic dis- 

charge, and that the normal sequence of excitation 
is made possible only because the sinoatrial node 
possesses this capacity in a higher degree than 

any other region.’’ (p. 672). 

Thus we are told that the properties of 
cardiac muscle distinguish it clearly from 
other types of muscle, and also that heart 
muscle consists of a basically homogeneous 
population of fibers, all having essentially 
the same properties, showing only certain 
minor differences in degree in different 
regions. 

The idea of the heart as a syncytium of 
fibers in cytoplasmic continuity tends to fos- 
ter this concept of homogeneity. 


Cellular versus Syncytial Strueture 

Early histologists considered heart muscle 
as cellular in structure and interpreted the 
intercalated discs as junctional zones of ap- 
posed cell membranes, staining heavily as a 
result of intercellular cement substance. For 
example, Eberth,?* to whom the first detailed 
description of the intercalated dise is usually 
attributed in 1866, regarded the discs as in- 
tercellular structures, not only on the basis 
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Table 1 





Properties of Adult Myocardium, Conduction Tissue and Embryonic Heart 


Cytology 
Myofibrils 
Well-formed, densely, regularly packed 
Heavy, parallel striations 
Run parallel to cell axis 
‘“Prodromal’’ striation pattern 
Cytoplasmic inclusions 
Loose, non-striated filaments 
Well-formed granular endoplasmic retie. 
Mitochondria few and juxtanuclear 
Rows or clusters of Palade granules 
Numerous glycogen granules 
Interealated dises 
Interdigitating and complex 
Histology 
Stain heavily with: 
Hematoxylin-eosin 
Silver impregnation 
Tron hematoxylin 
Mallory trichrome 
Glycogen Schiff reaction 


of their histologic appearance and_ their 
strong reaction with silver nitrate (known to 
stain cell membranes), but also because of 
the tendency of macerated heart muscle to 
fragment along the intercalated dises. Later, 
Ranvier** also described mammalian myo- 
cardium as being composed of individual 
rhomboidal branching cells with centrally 
placed nuclei. 

It was not until after the turn of the 
century that Heidenhain?® and Godlewski*® 
independently enunciated clearly the hypoth- 
esis that the heart was syncytial in nature. 
These workers felt that the discs represented 
either contraction artifacts or the sites of 
sarcomere differentiation. Perhaps the strong- 
est proponent of the syncytial nature of 
adult myocardium was H. E. Jordan, who, 
over a period of a decade or more, published 
observations and strenuous arguments in sup- 
port of this idea.** *5 (It is interesting to 
note, however, that even Jordan was com- 
pelled to admit to the cellular structure of 
Purkinje tissue and of embryonic heart.) 
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The controversy over syneytium versus 
cells recurred periodically in the literature 
of the first half of this century, as some 
microscopists continued to make observations 
corroborating the earlier cell view.*® How- 
ever, most investigators during this period 
gradually tended to accept the syncytial 
hypothesis and even extended it to the con- 
ductive tissue.*° 

Especially important in this trend toward 
the idea of a cardiae syncytium were the early 
demonstrations of the ‘‘all-or-none’’ response 
of heart tissue by Bowditch,®! Woodworth,** 
and others. It was felt that this finding could 
best be explained on the basis of protoplasmic 
continuity between all cardiac fibers. Dur- 
ing the last decade, also, confirmatory electro- 
physiologic evidence has been obtained. In 
1951, Curtis and Travis** reported that bun- 
dles of Purkinje fibers in the false tendon of 
the ox heart responded to electric stimulation 
in an all-or-none manner, that is, the de- 
mareation potential, measured between the 
eut end and the surface, remained at con- 






































































stant amplitude with varying strengths of 
suprathreshold stimuli. Thus the fibers ap- 
peared to behave syncytially. This was 
further supported by measurements of spe- 
cific core resistance of Purkinje fibers by 
Weidmann.** He showed that, although the 
resistance of the cylindrical membrane sur- 
rounding a fiber was of the same order as 
that of muscle or nerve, the core resistance 
(i.e., the longitudinal internal resistance) 
was not appreciably higher than that of the 
sarcoplasm. He concluded that the inter- 
calated discs do not form a significant bar- 
rier to ionic movement along the length of 
the fiber. 

In spite of the evidence of homogeneity 
(and even identity) of all fibers, Thomas 
Lewis (1925), after some 20 years of pio- 
neering work in cardiac electrophysiology, 
proposed his ‘‘law of cardiac muscle.’’*> In 
this statement, he noted that there are dif- 
ferent kinds of heart cells: those character- 
istic of myocardium, and typical Purkinje 
fibers. Because of the prevailing opinions, this 
idea was not strongly favored, and few refer- 
ences to it appear in recent decades. 

In the last few years, however, since elec- 
tron microscopy has been applied to this 
problem, it has been shown repeatedly and 
without exception that the idea of a cardiac 
syneytium lacks a sound anatomic basis. 
Perhaps a dozen electron microscopists, using 
ever more sophisticated technics, have found 
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Figure 3 


Section through the heart of 
a 10-mm. human’ embryo. 
Left. The bundle (A.V.B.) 
may be seen arising from the 
A-V node and passing into 
the base of the dorsal endo- 
cardial cushion. Right. Con- 
tinuation of the bundle down 
the left side of the inter- 
ventricular septum. R=right 
sinus valve; L=left sinus 
valve; C. S.=coronary sinus; 
S. Pr.=septum primum; D= 
dorsal endocardial cushion. 
(Hematoxylin-eosin stain. X 
30.) (From Walls.4) 








that the intercalated dise does consist of a 
pair of apposed cell membranes, covered with 
densely staining granules. The myofibrils 
do not cross the intercalated discs, nor is 
there any other evidence for any kind of 
protoplasmic continuity across the mem- 
branes. Each elongate cell of a myocardial 
fiber is consistently observed to be surrounded 
by an intact plasma membrane (for recent 
review of evidence see **). This is true in 
both myocardium and conductive tissue.® !* 
Moreover, the pattern of development of the 
intercalated discs in cardiac myoblasts, at 
the sites where the myofibrils are interrupted 
by cell membranes, also supports the idea of 
a cellular structure.’ !° Thus, neither in the 
embryo nor in the adult heart; neither in 
myocardium of cold-blooded®? or warm- 
blooded vertebrates; nor in nodal or conduc- 
tive tissue is there a satisfactory anatomic 
basis for the notion of syncytial structure. 


A Functional Syncytium? 

The studies of Curtis and Travis** and of 
Weidmann* noted above, led to the use of the 
concept of heart tissue as a ‘‘functional syn- 
eytium.’’ By this it is implied that even 
though cardiac fibers do not, in fact, exhibit 
protoplasmic continuity, under certain con- 
ditions they behave as if they did. For ex- 
ample, in small cultured fragments (50 to 
100 microns in diameter) of embryonic heart 
tissue, the membrane effects of a polarizing 
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current applied through one of a pair of 
intracellular microelectrodes can be recorded 
in any cell of the fragment, even when the re- 
cording electrode is as much as 100 microns 
from that used for stimulation, and visible 
cell boundaries separate the two.°* Moreover, 
synchronous and identical diastolic depolari- 
zation and action potentials can be recorded 
from all cells of such a spontaneously beating 
clump. 

However, other physiologic evidence is ac- 
eumulating, which suggests that individual 
cells, or at least small regions of cardiac 
tissue, are capable of separate activity, in- 
dependent of neighboring cells or regions. 
Embryonic heart, for example, can be disag- 
gregated with trypsin into small cell clusters, 
from which transmembrane resting and ac- 
tion potentials can be recorded. Such re- 
cordings are similar in all respects to those 
obtainable from cells in the intact heart.®® 
Thus the electrical activity of these cells is 
clearly unaffected by cellular dissociation. 
Moreover, in the cooled adult mammalian 
heart*® or frog heart perfused with hyper- 
tonic Ringer-sucrose solution,*! it is possible 
to record spontaneous action potentials from 
one fiber, while a neighboring fiber is com- 
pletely quiescent, or fires at a different rate. 
Similarly, Cervoni, West, and Falk,*? record- 
ing intracellularly from rabbit atrial prepara- 
tions, found that, when such a preparation 
was stimulated at 7 to 8 beats/sec., atrial 
cells responded to every stimulus, while near- 
by cells from the S-A node responded only to 
every other stimulus. At a time when a 
nodal cell was still in its refractory period, 
a neighboring atrial cell was fully repolarized 
and capable of firing. 

Thus the weight of anatomic evidence ap- 
pears to support the concept of the heart as 
a population of discrete cells, separated trans- 
versely by intercalated dises. "Whatever the 
normal mechanism of transmission of the im- 
pulse across the discs, physiologic studies 
show that such transmission can readily be 
disturbed, with the result that the individual 
cells or contractile units can exhibit their 
independent nature. The histologic differ- 
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Figure 4 
Cross section of the A-V bundle (B) and root 
of the right bundle branch (RB) in the crest of 
the interventricular septum (IVS) of a 7-day 
chick embryo heart. (Phosphotungstic acid hema- 
toxylin. X 300.) 


entiation described above would further sug- 
gest that there are at least two distinct cell 
types: that making up the bulk of the myo- 
eardium, and a clearly different, perhaps 
more embryonic type, which constitutes the 
conductive system. (Space does not permit 
mention here of the evidence for intermediate 
types?’ #3) It is evident that processes of 
cell differentiation leading to such histologic 
differences must be based upon changes at 
the biochemical level. Is there, then, any evi- 
dence of biochemical or physiologic differen- 
tiation between myocardial and conductive 
cells? 
Biochemical Differentiation 

Quantitative biochemical differences be- 
tween myocardial and conductive cells are 
many (see Schiebler,'* for review). For ex- 
ample, conductive tissue contains more cho- 
line acetylase than does myocardium.** *° 
Healthy adult myocardium is quite low in 
glycogen,*® whereas the rich concentration of 
glycogen in conductive tissue has been noted 
repeatedly’? and can even be seen with in- 
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Figure 5 
Subendocardial Purkinje cells (P), compared with 
myocardium (M), in a newly hatched chick 


embryo heart. (Phosphotungstic acid hematoxylin. 
x 400.) 


travital staining in the living heart.** Its 
abundant supply of glycogen would suggest 
that conductive tisue might be highly de- 
pendent on glycolytic metabolism, perhaps in 
lieu of a strong oxidative cycle. This idea 
is supported by the finding that conductive 
tissue has a much lower succinic dehydro- 
genase activity than does myocardium, and 
has a total oxygen consumption rate only 
one-fifth as great. It is also resistant to 
cyanide and to anoxia.'® 

There are 2 enzymes or enzyme systems 
in conductive tissue that appear to be qualita- 
tively absent from myocardium in most 
species. (It is recognized that such a claim, 
based upon negative evidence, is valid only 
within the limits of presently available tech- 
nies.) Although nonspecific cholinesterases 
are abundant in all heart cells, Mommaerts 
et al.,4* were able to characterize an enzyme 
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from the A-V bundle and bundle branches 
of beef heart as a specific cholinesterase, 
similar to that characteristic of nervous tis- 
sue. More recently, Carbonell*® confirmed 
this and localized the enzyme histochemically 
to cells of the conduction system in hearts 
of the human, dog, cat, guinea pig, rabbit, 
‘at, sheep, and cow. Only in the rabbit were 
equivocal results obtained, in which scattered 
cells in the myocardium exhibited esterase 
activity that was nonspecific in its substrate 
specificity, but was inhibited by eserine (1 of 
the criteria for specific cholinesterases). In 
the other species mentioned, specific cholin- 
esterase was limited to cells of the conduction 
system (fig. 7*). 

The second enzymatic activity seen exclu- 
sively in conductive tissue is that responsible 
for a phenomenon termed ‘‘aberrant  lipo- 
genesis,’? and suggests a distinctive fat 
metabolism in this tissue. Recently Kuwabara 
and Cogan®® have shown that Purkinje tis- 
sue can synthesize sudanophilic fat when in- 
cubated in serum supplemented by oleie acid, 
a capacity not shared by ordinary cardiac 
muscle. This property depends upon the pres- 
ence of (1) an intracellular sulfhydryl-requir- 
ing enzyme system, (2) serum, and (3) oleic 
acid or sodium oleate as a substrate. It is 
clear from their work that cells of the con- 
ductive system exhibit this enzyme, whereas 
those of the myocardium apparently do not. 

It is interesting to note that many of the 
biochemical and metabolic characteristics dis- 
tinguishing conductive tissue from myocard- 
ium are the same as those differentiating em- 
bryonic from adult heart. Heart muscle of 
the early embryo is rich in glycogen,*® *' and 
highly resistant to anoxia.>? It is also low in 
succinoxidase*® and cytochrome oxidase* 
activity, and is relatively insensitive to cya- 
nide poisoning.®» Conductive tissue is thus 
distinctly ‘‘embryonic,’’ in sharing some of 
the cytologic, histochemical and biochemical 
characteristics of primitive heart. At the 

*Figure 7 reproduced from Carbonell: J. Histochem. 


4. 87, 1956. By permission of the author and The 
Williams & Wilkins Co. 
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Figure 6 


The atrioventricular conduct- 
ing system of the calf heart, 
retouched to clarify its 3- 
dimensional aspects. (Modi- 
fied from DeWitt.8) 


same time, however, it shows definite signs of 
having differentiated along an independent 
path, developing a distinctive morphology 
and biochemistry, with at least two enzymes 
not shared with myocardium. 


Physiologic Differentiation 

Does the physiology of myocardium and 
conductive tissue show a similar pattern; 
that is, do these 2 tissues exhibit some fune- 
tions that differ only in degree, and others 
that are totally restricted to 1 or the other? 

One well-known quantitive physiologic dif- 
ference between myocardium and the con- 
ductive system is in conduction velocity. 
Since the observations of Erlanger,®® it has 
been accepted that the conduction tissue is 
capable of transmitting an impulse more rap- 
idly than myocardial muscle (with the ex- 
ception of certain specific areas, as at the 
atrionodal junction). In 1959, Draper and 
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Mya-tu®? measured the rate of conduction 
through specialized fibers in false tendons, 
and in the bundle branches, at a velocity of 
2 to 3 meters/second. In contrast, strips of 
parallel myocardial fibers not containing 
Purkinje tissue were able to conduct the 
stimulus at a rate of only 0.5 to 0.6 meter/- 
second. Clearly this represents a differentia- 
tion of new membrane characteristics by the 
specialized fibers to permit such rapid con- 
duction, since embryonic myocardium starts 
out with a low conduction rate comparable 
to that which is apparently retained by adult 
myocardial muscle.*® 

A second difference between myocardial 
and conductive cells, at a physiologic level, 
lies in the configuration of their action poten- 
tials. Intracellular recording from cells in 
various parts of the conductive system re- 
veals action potentials that, when compared 
with those from myocardial fibers, have a 
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Figure 7 
Specific cholinesterase activity in conduction tis- 
sue of the adult human heart. A. Subendocardial 
Purkinje fibers. B. A-V bundle and left branch. 
(From Carbonell.'? ) 


low amplitude with little or no overshoot, a 
low rising velocity of the upstroke, and long 
duration with a rounded plateau. In contrast 
to the steady resting potential common to 
myocardial fibers, recordings from pacemaker 
regions also show a characteristic slow dias- 
tolie depolarization of 10 to 20 myv,** 5° 
termed the ‘‘prepotential’’ by Bozler.*° The 
prepotential, in association with pacemaker 
activity, differentiates extremely early in 
earidac development, long before specialized 
nodal or conduction tissue is histologically 
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distinguishable. Recently Meda and Fer- 
roni®! have been able to insert intracellular 
electrodes into hearts of chick embryos only 
a few hours after initiation of the beat. Even 
at these early stages (see fig. 1 A and B), 
cells showing a slow diastolic depolarization 
were found in the S-A region, while cells 
in the ventricle showed steady resting poten- 
tials similar to those from adult myocardium 
(fig. 8*). Thus, embryonic ventricular cells 
even in the 13-somite chick embryo, do not 
originate their own beat but are stimulated 
by cells in more posterior regions, which are 
acting as pacemakers. 

This leads us to the final physiologic 
property that I should like to compare be- 
tween myocardium and conductive tissue: the 
property of spontaneity, or pacemaker func- 
tion. We have seen that in the embryonic 
heart, ventricular cells do not initiate their 
own beat but are driven by other cells. It 
is commonly accepted, also, that in the adult 
heart the contraction stimulus arises in the 
definitive pacemaker, the S-A node, and is 
transmitted to all parts of the heart via the 
fibers of the conduction system. Yet, as noted 
earlier, the idea that all heart muscle is 
characterized by the property of spontaneity 
seems to pervade the thinking of most cardiac 
physiologists, and it is stated explicitly in 
textbooks and other reference sources. Evi- 
dence appears to be accumulating, however, 
which suggests that the ability to generate 
bioelectric potentials, i.e., the pacemaker 
function, may not be a property common in 
varying degrees to all heart cells, but may 
be limited exclusively to cells that differ- 
entiate into some component of the conduc- 
tion system. Myocardium, in _ contrast, 
appears to be completely quiescent until 
stimulated by an extrinsic source, in a man- 
ner analogous with skeletal muscle. 

It should be emphasized that a systematic 
analysis of this problem has not been carried 
out, and decisive experiments are few. How- 
ever, I should like to consider some of the 





*Figure 8 reproduced from Meda and Ferroni: 
Experientia 15: 427, 1959." By permission of Experi- 
entia. 
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relevant data. In 1910 Erlanger®* showed 
that equal-sized strips of cat atrium, isolated 
in vitro, may be spontaneous or not, depend- 
ing on what region of the atrial tissue is 
included. Strips of the left atrium fre- 
quently remained quiescent, while similar 
areas of right atrium, or of left atrium con- 
nected to the interatrial septum, usually 
showed spontaneous activity. We now know 
that those areas which Erlanger found it 
necessary to include in a strip if it was to 
beat spontaneously are the regions from 
which pacemaker prepotentials have been re- 
corded; namely, the interatrial septum, the 
erista terminalis, the entrance of the su- 
perior vena cava, and the S-A ring bun- 
dle.* 68 

Evidence that spontaneity is limited to a 
portion of the cells of the heart arises also 
from observations made on such cells in 
tissue culture. Cavanaugh® disaggregated 4- 
to 6-day embryonic chick hearts. She found 
that immedately after the cells attached to 
the glass substratum only 9 per cent showed 
spontaneous activity. Within the first day 
or two after the cells had spread and estab- 
lished extensive filopodial interconnections, 
the proportion pulsating rose to about 50 
per cent. Moreover, as interconnections were 
established in the culture, cells that had been 
quiescent, or beating independently, could be 
influenced by a dominant neighbor to con- 
tract in synchrony with it. Other examples 
of such pacemaker activity by embryonic 
cells or heart fragments exist in the litera- 
ture,®* ©. 66 and Harary and Farley®’ have 
recently shown similar behavior on the part 
of dissociated cells of young (nonembryonic) 
rat hearts. Thus it seems reasonable to con- 
clude that in neither embryonic nor adult 
heart is the majority of cells capable of 
spontaneous contraction. It is recognized, 
however, that this conclusion may be pre- 
mature when applied to the embryo, in view 
of the apparent lability of pacemaker func- 
tion in immature myocardium. Cells in the 
embryonic ventricle in situ do not show 
pacemaker prepotentials.*t However, cell 
clusters from this tissue, in culture, beat 
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Figure 8 


Action potentials recorded from the heart of a 
42-hour (13-somite) chick embryo. Top. Electrode 
inserted in the posterior end of the heart tube, 
in the presumptive atrial region; note the dias- 
tolic depolarization of approximately 10 mv. 
Bottom. Electrode inserted in the primitive ven- 
tricle; note the greater amplitude and shorter 
duration of these action potentials, as measured 
by the amplitude and time calibrations shown. 
(From Meda and Ferroni.*'). 


spontaneously and do exhibit slow diastolic 
depolarization.*® Thus, pacemaker activity 
in ventricular cells may be lost or suppressed 
during development of the intact heart but 
may be regained by at least some cells when 
isolated and subjected to culture conditions. 

In adult heart, however, spontaneity does 
appear to reside exclusively in those cells 
that have differentiated into components of 
the conduction system. This argument has 
gained substantial strength from the recent 
observations of Draper and Mya-tu.5* These 
investigators confirmed the findings of many 
others® by showing that muscle slips or papil- 
lary muscles from various mammalian hearts, 
maintained in vitro, are frequently not spon- 
taneously active. However, they also noted 
that when such spontaneity is displayed, it 
‘‘ean always be traced to the presence of 
Purkinje tissue in the sample’’ (p. 107°"). 
For example, in one group of 18 ventricular 
muscle slips, 9 did not beat spontaneously, 
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yet all responded vigorously to external stim- 
ulation for many hours and showed normal 
resting and action potentials. These: muscle 
slips were serially sectioned for histologic 
Those that had not beat spon- 
taneously showed no evidence of Purkinje tis- 
sue, while specialized fibers were found in 
all those that were active. Thus, we may 
conclude that in adult heart, if conductive 
cells are present to initiate an impulse (and 
possibly a critical number is required), we 
Without these 
cells the heart muscle, though healthy and 
completely responsive, remains quiescent. 


examination. 


‘ 


see “‘spontaneous’’ activity. 


Conclusions 

When information obtained from studies 
of the structural, chemical, and functional 
properties of the A-V conducting system of 
the adult and embryonic heart is considered, 
different conclusions may be drawn than 
those arrived at by a purely physiologic ap- 
proach. Though not yet firmly established by 
decisive experiments, these conclusions ap- 
pear to be reasonable in view of the evidence 
presented. They may be stated as follows: 
(1) Cellular differentiation during embryonic 
development of the heart leads to the pres- 
ence of 2 distinct populations of cells: typi- 
eal myocardial cells, comprising the bulk of 
the musculature of the heart, and the spe- 
cialized cells of the conductive tissue. (2) 
Although cells of the conductive system do 
exhibit certain of the properties of embryonic 
myocardium, the two tissues in the adult 
may be distinguished by characteristic and 
unique properties, at the histologic, bio- 
chemical, and physiologic levels of investiga- 
tion. (3) The differentiation of pacemaker 
function occurs very early in cardiac de- 
velopment. Within hours after initiation of 
the beat, and perhaps earlier, cells of the 
ventricle do not originate their own beat but 
are stimulated by other cells functioning as 


pacemakers. (4) In the adult heart, myo- 


cardial cells appear to be completely quies- 
cent until stimulated by an extrinsic source. 
Under normal circumstances, this stimulus 
source is a pacemaker cell (or cells) of the 
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S-A node, or some other part of the conduc- 
tion system. 
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Cardiac Myosin and Congestive Heart Failure in the Dog 


By Rosert E. Ouson, Pu.D., M.D., Eric ELLENBOGEN, PH.D.,* 
AND Raga TyenGaAR, PH.D. 


Chronie congestive heart failure has been produced in dogs by surgical induction of 
valvular disease. Cardiae myosin was isolated from the normal dogs and from dogs with 
congestive heart failure and characterized. Physicochemical properties of the cardiac myosins 
were determined by measurements of velocity sedimentation, partial specific volume, rate of 
diffusion, limiting viscosity number, light-scattering behavior, and ATPase activity. The 
measurements show that normal cardiac myosin (myosin C) has a molecular weight of 225,000, 
whereas myosin from the failing heart (myosin F) has a molecular weight of 690,000. This 
change in molecular weight occurs without a marked alteration in amino acid composition 
and suggests that end-to-end trimerization of normal cardiac myosin occurs in association 


with congestive heart failure in the dog. There was no significant change in ATPase activity. 


a THE PAST several years our lab- 
oratory has been engaged in the syste- 
matic study of cardiac metabolism in the 
dog in various conditions of malnutrition, 
endocrine imbalance,? and surgically induced 
valvular heart disease.” Of particular interest 
has been the study of the contractile proteins 
of the heart in various states, including ex- 
perimental chronic congestive heart failure. 

This study was undertaken because of the 
inability of many investigators,? including 
ourselves,* to discover in either dogs or man 
with heart failure any evidence of a bio- 
chemical defect in the uptake of substrates 
from the coronary blood, the oxidation of 
these substrates to carbon dioxide and water, 
or in the process of oxidative phosphoryla- 
tion.5 The shortening of the myofibril in the 
contractile process involves the interaction 
of at least 2 contractile proteins, myosin and 
actin, with ATP. Hence, in view of the 
above negative evidence, it seemed important 
to study the properties of these proteins in 
hearts of animals in various states of cardiac 
compensation. Since appropriate samples of 
cardiac muscle from human subjects are very 
difficult to obtain immediately after death, 
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it was necessary to study this problem in an 
experimental animal. This report presents 
the results of studies of the physicochemical 
properties of cardiac myosin isolated from 
normal dogs, from dogs with sodium reten- 
tion after ligation of the inferior vena cava, 
and from dogs with chronic congestive heart 
failure from valvular disease. More de- 
tailed reports of these findings have appeared 
elsewhere.® 7 
Methods 


Normal mongrel dogs, immunized upon arrival 
from the kennel and known to be in good health 
through observations in our animal colony over 
several weeks, served as the normal control group 
for this study. Dogs with inferior vena cava 
ligation (ICL) having marked sodium retention 
and ascites served as the second control group. 
This ICL group was a particularly good control 
group because these animals possessed normal 
cardiac contractility in the presence of sodium 
retention and altered aldosterone metabolism. ® 

In the first experimental group, congestive heart 
failure was produced in a series of animals by 
surgical avulsion of the tricuspid valve and steno- 
sis of the pulmonary artery, essentially by the 
method of Barger, Roe, and Richardson.!° This 
combination of surgical lesions, which was accom- 
plished in 2 stages at 3-week intervals, produced 
congestive heart failure in 60 per cent of the 
surviving dogs, with an operative mortality of 
less than 15 per cent. These animals began to 
show clinical signs of congestive heart failure 
within 1 to 4 weeks after constriction of the 
pulmonary artery. These signs included oliguria, 
marked sodium retention, an increase in body 
weight with the appearance of ascites, and 
reduced exercise tolerance. 
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Figure 1 

Ventricular end-diastolic pressures in dogs oper- 
ated upon to produce tricuspid insufficiency and 
pulmonic stenosis. The time of each operation is 
noted. The end-diastolic pressures were measured 
in nonanesthetized dogs. The solid symbols are 
right ventricular pressures; the open circles are 
left ventricular pressures. The lower set of curves 
represents the pressures in animals that did not 
develop congestive heart failure. 


In the second experimental group of dogs, 
primary left heart failure was produced by cre- 
ating a mitral insufficiency followed by 1 of 2 
aortic lesions. Aortic stenosis was produced by 
resecting the noncoronary aortic cusp and adja- 
cent aorta with the formation of a bicuspid valve 
along the lines suggested by Carmella, Andersen, 
and Oropeza.1! A constriction in the lumen of 
about 60 per cent was achieved. Aortic insuffi- 
ciency was induced by punching holes in the non- 
coronary cusp with a circular valvulotome through 
the aorta according to Roshe and Morrow.!* 
Postoperatively, the intraventricular pressures of 
many of these dogs were measured through the 
chest wall at intervals to determine the time of 
onset of failure. Statham gauges and a Sanborn 
visocardiette were employed to record the pres- 
sures. Minimal morphine sedation was used to 
facilitate the procedure so that the dogs were 
quiet but awake and responsive. All of the animals 
sacrificed for characterization of cardiac myosin 
had been in failure for at least 6 weeks, as 
evidenced by elevated end-diastolic pressures. 
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In order to describe the hemodynamic status of 
these animals prior to sacrifice, a light plane of 
anesthesia was induced in each animal by the 
intravenous administration of Nembutal : Dial- 
Urethane (1 : 1/v/v). Cardiae catheterization of 
the right. heart and coronary sinus was accom- 
plished, a femoral artery was cannulated, and 
pressure measurements were made in the femoral 
artery, right atrium, right ventricle, and pul- 
monary artery, by means of Statham gauge trans- 
ducers with either a Sanborn twin visocardiette 
or a Medical Electronics recorder. In some instan- 
ces simultaneous tracings in right ventricle and 
left ventricle were recorded using a direct pune- 
ture of the left ventricle through the chest wall 
(see figure 2.). Myocardial oxygen and earbon 
dioxide exchange and substrate extraction were 
measured by sampling simultaneously from the 
coronary sinus and the femoral artery. Coronary 
flow was measured by the nitrous oxide method.!* 
Blood gases and substrates were measured by 
methods previously described and the results of 
studies of the metabolic activity of the failing 
heart are reported elsewhere.!4 

At the conclusion of the physiologic measure- 
ments the plane of anesthesia was deepened by 
administration of additional Nembutal to permit 
a thoracotomy and institution of artificial respira- 
tion. The pericardium was opened and the animal 
sacrificed by rapid excision of the beating heart. 
The organ was immediately chilled in deionized 
water in 1 C. Generally, a ventricular ectopic 
rhythm persisted until the heart had been im- 
mersed in the cold water for a few seconds. After 
being fully chilled to 1 C. the heart was dis- 
sected in a cold room to remove fat and connective 
and atrial tissue. Both right and left ventric- 
ular tissue were combined and minced in a meat 
grinder at 4 C., and the myosin was isolated by 
the method previously described.® 

Cardiac myosin was isolated from dogs in 
the 2 control and in the 2 experimental groups 
and characterized by a study of velocity sedi- 
mentation, partial specific volume, rate of free 
diffusion, limiting viscosity number, light-scatter- 
ing behavior, and ATPase activity. Partial specific 
volumes were determined by pyknometry. ATPase 
activity was determined at 25 C. on samples 
dialyzing against veronal buffer (pH 8.6) in 
order to remove phosphate ions. The method 
of Gergely!» was employed and the ATPase 
activity expressed as Q, (microliters of phos- 
phorus liberated per milligram of myosin per 
hour). Sedimentation-velocity measurements were 
carried out in a Spinco Model E analytical ultra- 
centrifuge. Solutions above 0.2 per cent protein 
were analyzed in the conventional manner from 
schlieren patterns. More dilute solutions were 
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Figure 2 

Tracings of right and left 
ventricular pressures are 
shown for a normal dog in 
the panel on the left and for 
a dog in congestive heart 
failure caused by TI/PS in 
the panel on the right. An 
electrocardiogram is included 
in each case for reference. 
The end-diastolic pressures in 
both the right and left ven- 
tricles are elevated in the 
animal with congestive heart 
failure. 


Pressure in mm Hg 


analyzed by measurement of ultraviolet absorption, 
using a Spinco analytrol to plot the density of 
the absorption bands. Sedimentation runs were 
earried out both at 24 and 4 C.; no dependence 
of sedimentation constant upon temperature or 
speed of rotor was noted. Diffusion constants 
were estimated both from boundary spreading 
observed in the ultracentrifuge and from free 
diffusion in the Spinco Model H electrophoresis 
apparatus. Diffusion constants were calculated 
from schlieren patterns and from Rayleigh fringes 
respectively employing the method of second mo- 
ments. The boundary-spreading coefficients were 
corrected for the concentration dependence of 
the sedimentation constant. Light-seattering mea- 
surements were carried out in a Brice-Phoenix 
light-seattering photometer equipped with a Brown 
recorder. The wave length chosen was a mercury 
blue line (436 mp). The refractive index inere- 
ment was determined at the same wave length in 
a Phoenix differential refractometer and found 
to be 0.206 on a weight fraction basis. The 
solutions were clarified and measurements were 
carried out at 0, 45, 90, and 135 degrees at a 
temperature of 15 C. or less. The limiting vis- 
cosity number was obtained by measurement of 
the viscosity of solutions of different concentra- 
tions in an Oswald viscometer with a water time 
of about 180 seconds mounted kinematically in 
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an unsilvered Dewar flask at 2 C. Triplicate 
determinations were obtained with a maximal 
deviation of + 0.3 second. Further details of 
these methods have been published.® 

Three preparations of normal ecardiae myosin 
and the myosin obtained from the failing heart 
were hydrolyzed in 6N HCl, and their amino 
acid was analyzed by the method of Moore and 
Stein.16. 17 

Results 
Physiologic Studies 

All the animals in this series with valvular 
disease showed generalized congestive heart 
failure at the time they were sacrificed for 
the study of cardiac myosin. Both the nor- 
mal animals and the controls with inferior 
vena cava ligation showed no evidence of 
congestive heart failure. 

In several of the animals operated upon, 
the development of failure was followed by 
measurements of end-diastolic pressures in 
the right and left ventricles. Results of a 
typical series of animals is presented in fig- 
ure 1. After production of tricuspid insuf- 
ficiency, end-diastolic filling pressure in the 
right heart was elevated from 2 to approxi- 
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Table 1 
Hemodynamic Findings in Control and Experimental Dogs 
Coronary Oxygen 
Body* Cardiac low usage 
weight Ascites index MI/100 M1/100 
Condition No. Kg. L. L./min./M.2 Gm./min. Gm./min. 
19.9 — 2.59 87 10.8 
Normal 12 +1.1 — +0.18 +6 +1.0 
16.9 7.0 1.68 115 12.3 
ICL 5 +1.8 +2.0 +0.12 +12 2-4 
18.8 6.0 1.89 75 10.0 
TI/PS (CHF) ll 12 +1.4 +0.24 +9 +1.6 
MI/AI or AS (CHF) 2 21.3 — 


3.36 119 14.5 





* Ascites-free 


mately 6 mm. of Hg. After pulmonary 
stenosis was established, certain of the ani- 
mals demonstrated a further rise in right 
ventricular end-diastolic, followed in 2 weeks 
by an elevation in left ventricular end- 
diastolic, filling pressure. The changes in 
the left heart followed the appearance of 
ascites. In the animals unsuccessfully oper- 
ated upon (lower curve in figure 1) the end- 
diastolic pressures on the right side remain 
only moderately elevated and the pressures 
on the left side remain normal. Some of 
these later animals had transient ascites. 
Simultaneous left and right ventricular pulse 
tracings for a control dog and for 1 whose 
congestive heart failure was due to TI/PS 
are shown in figure 2. 

The net body weight, amount of ascites, 
cardiac index, coronary flow, and oxygen 
usage by the myocardium for the 2 control 
and 2 experimental groups are shown in 
table 1. Both the animals with inferior vena 
cava ligation and those with tricuspid in- 
sufficiency showed a below-normal reduction 
in cardiac output, whereas those with left 
heart disease showed an increase in cardiac 
output. Coronary flow was not significantly 
changed from normal in any of the groups, 
and the oxygen usage by the myocardium 
was likewise within normal limits. 


The evidence for congestive heart failure 
in these animals may be seen by examining 
table 2 in which the atrial and ventricular 
pressures are reported. Both the normal con- 
inferior vena 


trol animals and those with 





cava ligation controls showed essentially nor- 
mal pressures in both chambers of the heart 
and no evidence of regurgitation into the 
right atrium. The animals with tricuspid 
insufficiency and pulmonary stenosis had a 
moderate right ventricular systolic hyperten- 
sion (44 mm. vs. 30 mm. for the normal) and 
markedly elevated end-diastolic filling pres- 
sures. Regurgitation into the right atrium 
was marked in these animals, with the atrial 
systolic pressure reaching an average of 30 
mm. of Hg. The left ventricle of these ani- 
mals was also failing, indicated by the eleva- 
tion of end-diastolic pressures in that cham- 
ber. In the 2 animals with left heart disease, 
there was evidence for left ventricular failure 
in terms of a marked elevated end-diastolic 
filling pressure. Some elevation of filling pres- 
sure was also noted in the right ventricle. 


Physicochemical Studies 

Results of the physicochemical studies are 
shown in figures 3, 4, 5, and 6, and are sum- 
marized in table 3. The data in figure 3 
show the dependence of sedimentation con- 
stant (upon concentration) for myosin iso- 
lated from the control dogs (normal and ICL) 
and from those with congestive heart failure. 
The s°oo, w for the control animals was 6.16 
+ 0.13 and for the animals in failure was 
6.50 + 0.01, a difference that is on the border- 
line of significance (p = < 0.05 > 0.01). The 
concentration dependence of sgo, w is linear. 
The slopes of the sedimentation curves from 
normal and failing myosin are significantly 
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Figure 3 
Sedimentation constants of dog heart myosin as a function of concentration. The panel 


on the left shows the values for control animals. 
ascites resulting from inferior vena cava ligation. 
values for animals with congestive heart failure. The solid circles are from animals 
, with primary right heart failure and the open circles are from animals with primary 
left heart failure. Conditions: 56,100 rpm; temperature 4 C.; 0.6M KCl; pH 6.8. 


different. The calculated slope for the normal 
control group was —3.10 + 0.16, whereas for 


ia sad the dogs with heart failure it was —6.66 + 
ui 0.84 (p = < 0.01). The diffusion measure- 
3 ments for normal cardiac myosin and myosin 


isolated from dogs with heart failure are 
shown in figure 4. The concentration depend- 
:) ence of Deo, » was more marked with normal 
cardiac myosin than with myosin from the 


failing heart. On extrapolation to zero protein 
a concentration the value for D°2o,w for the 
a normal dogs was found to be 2.46 X 107 em.?/ 
ia sec., whereas that for the dogs with heart fail- 
he ure was 0.82 X 10-7 cm.?/sec. The molecular 
a weight calculated for normal cardiac myosin 
from sedimentation constant, diffusion con- 
y 


stant, and partial specific volume was 226,000 ; 
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The open circles are animals with 
The panel on the right shows the 


for myosin from the failing heart it was 
680,000. 

In figure 5 are plotted the turbidities un- 
corrected for dissymmetry at 90 degrees 
against protein concentration obtained in the 
light-scattering experiments for myosin from 
normal and failing hearts. The zero inter- 
cept of H X ¢ is proportional to the recipro- 

= 
eal of the molecular weight. After applying 
correction factors for dissymmetry to the 
respective intercepts, the molecular weight 
for normal cardiac myosin was found to be 
270,000, whereas that for failing cardiac 
myosin was 760,000. 

The changes in intrinsic viscosity are pre- 
sented in figure 6. The shape of the plots 
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Figure 4 


Boundry-spreading and free diffusion constants of dog-heart myosin as a fraction of 
concentration. The values in the left panel were obtained from normal animals; the 


values in the right panel from animals in congestive heart failure. Conditions: tempera- 


ture 0.9 C.; 0.6M KCl; pH 6.8. 


(1/e In n/no vs. concentration) are markedly 
different for the 2 proteins. Normal cardiac 
myosin appears to disaggregate in very dilute 
solution and extrapolates to a limiting value 
of 50 ¢.g.s. units. On the other hand, myosin 
isolated from the failing heart shows a re- 
ciprocal behavior and appears to undergo 
aggregation in dilute solution to a high limit- 
ing viscosity number of 363 ¢.g.s. units. This 
behavior has also been noted by Davis et al.'* 

The ATPase activity of the myosins from 
normal and failing heart muscle were not 
significantly different. The value for normal 
myosin was 382 + 68 microliters P/mg./hr. 
vs. 424 + 112 for the myosin from the failing 
heart. 


From analyses carried out thus far, it 
would appear that the amino acid composition 





of myosin from normal heart, failing heart, 
and rabbit skeletal muscle are essentially in- 
distinguishable on the basis of moles/100,000 
Gm. protein. Representative data are shown 
in table 4. These data strongly suggest that 
the changes in molecular weight and other 
properties noted among the myosins repre- 
sent changes in 
structure. 


secondary and _ tertiary 
Discussion 

The studies demonstrated conclusively that 
generalized cardiac failure can be induced in 
the dog by surgical production of tricuspid 
insufficiency and pulmonic stenosis. Elevation 
of end-diastolic filling pressures in the left 
heart as well as the right heart were noted 
in most of the dogs that have developed heart 
failure in our laboratory and all of these ani- 
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Figure 5 
Light-scattering measurements on dog heart myosin as a function of concentration. 
The values in the left panel were obtained on preparations from control animals. The 
values in the right panel were obtained on preparations from animals with congestive 
heart failure. Conditions: temperature 12 to 15 C.; 0.6M KCl; pH 7.2. 


mals selected for the study of cardiac myosin 
from the failing heart. This finding supports 
the studies of Barger, Roe, and Richardson’® 
of heart-lung preparations made from hearts 
obtained from animals whose clinical cardiac 
failure was due to TI/PS. They observed 
that such hearts failed quickly in vitro in a 
Starling heart-lung circuit. Not only were 
the hearts unable to maintain normal output 
when the right atrial venous supply was in- 
creased, but also they were unable to main- 
tain a normal output when the ‘‘Starling 
resistance’’ was increased. These authors 
concluded that ‘‘On the basis of two experi- 
ments, it would appear that as in cardiac 
failure in the human, the involvement of one 
chamber may predominate early in the dis- 
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ease, but with the progression of the disease 
decompensation of both chambers becomes 
apparent. ”’ 

Our studies are in contrast to those of 
Davis et al.2° in which the surgical produc- 
tion of tricuspid insufficiency and pulmonic 
stenosis lead to an elevation of right ventric- 
ular, but not left ventricular, end-diastolic 
pressures. These workers concluded that 
they had isolated right ventricular failure in 
their preparations. We ean only conclude 
that the preparation they obtained was some- 
what different from ours. They report that 
right ventricular systolic pressures were 
rarely increased in their animals, whereas 
these pressures were uniformly increased in 
ours. It is conceivable that the valvular dis- 
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Table 2 


Intracardiac Pressures in Control and Experimental Dogs 


Ventricular pressures 














































MI/AI or AS (CHF) 2 6.5 


5.0 
ease Was more severe in our animals wih ex- 
tension of the defect in contractility to the 
opposite side, a phenomenon frequently seen 
in man?! and expected on the basis of the 
anatomy of the heart.** 

The molecular weight of normal canine 
cardiac myosin appears to be about 226,000 
from data based on 3 independent methods 
earried out in our laboratory. The value 
obtained from light-scattering is slightly 
highly (270,000), but this is typical of a 
technic that estimates weight-average rather 
than number-average molecular weight. On 
the other hand, the molecular weight obtained 
from studies of myosin from the failing heart 
is 690,000 from D, s, and v and 760,000 from 
light-scattering measurements. The ratio 
of corresponding molecular weights for nor- 
mal and failing myosin is 1:3. Since the 
amino acid composition is essentially identical 
it appears that the myosin from the failing 
heart is a trimer of that from the normal 
heart. If we designate normal cardiac myo- 
sin as myosin C (for cardiac) and myosin 
from the failing heart as myosin F (for fail- 
ure), the transformation may be summarized 
as follows: 

3 myosin C—myosin F 
The stimulus for this transformation seems 
to be chronic stretch. It may be that distor- 
tion of the myosin rodlet (thick filaments) in 
the chronically stretched myofibril may be 
instrumental in stimulating mild denatura- 
tion of normal myosin, which, in turn, results 
in polymerization. Since the ATPase activ- 
ity of myosin F is not altered, the associa- 


Right 
atrial (mm. Hg) 
___ pressure __ Right ___Left 
Condition No. Syst. Mean Syst. Diast. Syst. Diast. 
6.5 3.2 29.4 2.1 165 5.6 
Normal 12 +0.6 +0.7 +2.8 +0.8 + 4 +1.5 
5.0 3.1 32.0 3.4 183 6.3 
ICL 5 +0.4 ii +3.7 +0.4 +14 +0.3 
30.1 14.4 44.2 13.6 159 11.8 
TI/PS (CHF) 11 +3.4 +0.1 a. +i ae 7 $34 


38.0 7.0 164 14.5 


tion apparently does not involve the active 
site of this enzyme. Evidence for alteration 
in the myosin filaments in the failing heart 
are now being sought in our laboratory by 
electron microscopy. 

It seems clear that the change observed 
represents an acquired molecular disorder 
that may account for the decrease in con- 
tractiliy of the failing heart. The phenom- 
enon of polymerization of myosin has been 
observed to oceur in vitro?® during denatura- 
tion. The myosin of rabbit skeletal muscle 
may, furthermore, represent a polymer of a 
monomer of approximately the size of nor- 
mal cardiac myosin. Kielley and Harrington** 
found that guanidine salts will depolymerize 
rabbit skeletal myosin_to a monomer of molee- 
ular weight 219,000. 

Benson”> studied the effect of heart failure 
in dogs with tricuspid insufficiency and pul- 
monic stenosis upon the properties of acto- 
myosin. The animals with experimental 
heart failure possessed a cardiac myosin with 
reduced ATP sensitivity, that is, a reduced 
change in the specific viscosity of actomyosin 
after addition of ATP. These investigators 
also found that the cardiac myosin peak from 
experimental dogs seemed to be more promi- 
nent in velocity sedimentation studies of 
actomyosin than in normals. They suggested 
that the combination of actin with myosin 
was less stable in the experimental dogs as 
compared with the controls. 

Davis and his group** attempted to verify 
these findings but were unable to; they ob- 
served no difference in the ATP sensitivity 


Circulation, Volume XXIV, August 1961 


CARDIAC MYOSIN AND CANINE CONGESTIVE HEART FAILURE 


CONTROL 


@ NORMAL 
oO ICL 


1/C in a/g0 


0 1 2 3 
Myosin C (mg/m!) 





ive In’ @Ago 


479 


FAILURE 


@ TI/PS 
© Al/Mi 








0 | 2 3 
Myosin F(mg/mi ) 


Figure 6 


Viscosity measurements on dog heart myosin as a function of concentration. The values 
in the left panel were obtained on preparations of control animals. The values in the 
right panel were obtained on preparations from animals with congestive heart failure. 
Conditions: temperature 1 C.; 0.6M KCl; pH 6.8. 


of actomyosin from normal heart muscle and 
heart muscle obtained from dogs with right 
heart failure resulting from tricuspid in- 
sufficiency and pulmonic stenosis. They did 
observe, however, that certain preparations 
of actomyosin from the failing right ven- 
tricle heart muscle did show a slow compo- 
nent (probably myosin) present in the sedi- 
mentation pattern that was not present in 
controls. In other words, the behavior of 
actomyosin from the failing heart was not 
identical with that from normals. Neverthe- 
less, these investigators concluded that ‘‘these 
data do not support the concept that the 
contractile proteins are altered in experi- 
mental heart failure.’’ 

With regard to the work on actomyosin, 
it is probable that actomyosin formed during 
extraction of cardiac muscle by saline phos- 
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phate solution is a physiologic artifact. The 
electron microscopic studies of intact muscle 
fibers?’ suggest that actin and myosin are 
segregated in a particulate structure involvy- 
ing the thick and thin filaments in the living 
eell.28 They appear to make contact only in 
a highly oriented manner during the con- 
tractile cycle. For this-reason the studies of 
actomyosin, although controversial as noted, 
probably are not too informative about the 
state of the contractile proteins in the intact 
heart. 

In the study reported more recently,!® 
Davis and his co-workers undertook the char- 
acterization of cardiac myosin from normal 
dogs and from dogs with chronic congestive 
heart failure caused by tricuspid insufficiency 
and pulmonic stenosis. Their basic data are 
in fairly good agreement with ours as reported 





Table 3 
Properties of Myosin from Normal and Failing 
Dog Heart 


OLSON, ELLENBOGEN, IYENGAR 


Table 4 


Distribution of Selected Amino Acids in Various 
Myosins (Gm. moles/10° Gm.) 








Cardiac Myosin _ 





Constants “Normal Failing 
S°20, w 6.16 6.53 
ds/de (weight %) —3.10 —6.66 
sw 2.46 0.82 
Vv 0.73 0.72 
[7] (e.g.s. units) 50.0 363.0 
f/fo 2.15 4.56 
M (from s, D,) 226,000 690,000 
M (from light seattering) 270,000 763,000 
a/b 24 80 
Length (A) 690 2,224 
Width (A) 28 28 
ATPase (#L.P./mg./hr.) 382 424 





above. They employed a narrower range of 
physicochemical methods to characterize the 
myosins, from normal and failing heart mus- 
cle than have been employed in the present 
study. For example, they did not carry out 
equilibrium sedimentation or light-scattering 
measurements on their preparations. Davis 
and co-workers did measure sedimentation co- 
efficients over a reasonable range of concen- 
tration and their swo9 intercepts are in reason- 
able agreement with ours. We find a higher 
mean slope with the preparations from the 
failing heart, although the scatter is greater 
than with the normals. It is to be noted, how- 
ever, that the sedimentation behavior is a rela- 
tively insensitive parameter for distinguish- 
ing normal and failing myosin because the 
sedimentation behavior is relatively unaffected 
by end-to-end aggregation. 

Davis et al. admit, furthermore, the pres- 
ence of impurities in some of their prepara- 
tions stating that ‘‘in a few instances a very 
small boundary which sedimented faster than 
the principal myosin component was ob- 
served.’’ If this is true, other impurities not 
distinguishable from the main peak, which 
could have modified sedimentation behavior 
at higher concentrations of the preparations 
from the failing heart, could have been 
present.” 


The measurements of the diffusion con- 





Rabbit 
skeletal muscle 
Dog heart muscle Kominz, Bailey, 





Amino acid Normal Failure 1954%8 1948* 
Aspartie 83 79 85 67 
Serine 39 39 41 43 
Glutamic 149 144 155 150 
Alanine 71 71 78 73 
Valine 36 35 42 22 
Phenylalanine 27 26 27 26 
Lysine 84 78 85 81 
Arginine 48 44 41 42 





stant by Davis et al. were not carried out 
over a sufficient range of concentration to 
detect the concentration dependence in very 
dilute solution.® 

The changes in intrinsic viscosity observed 
and described by us were also observed by 
Davis and co-workers. They were particularly 
notable in observations made by them on 
myosin from right ventricular tissue from 
dogs in congestive heart failure. An elevated 
intrinsic viscosity was consistently found. In 
a few preparations a high intercept was noted 
for the normals, although this was not as 
frequent nor as marked as in the animals with 
failure. Davis and co-workers choose to ig- 
nore these viscosity findings, which are in good 
agreement with ours, and concluded that their 
viscosity measurements were unreliable. ‘‘The 
possibility must be considered,’’ Davis states, 
‘‘that viscosity measurements at very low con- 
centrations do not represent the true viscosity 
of the solution.’’ The fact that their viscosity 
measurements were carried out at room tem- 
perature rather than at 1 C. makes it likely 
that denaturation of their normal preparation 
would occur with a higher frequency, which 
could account for the occasional higher inter- 
cepts noted in control preparations. 

Without the additional support of meas- 
urements of light-scattering and equilibrium 
sedimentation behavior of these myosins, 
Davis et al. drew the conclusion that the 
molecular weight of cardiac myosin was in 
the range of 5 X 10° and that there were no 
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differences between the normal and failing 
heart. We do not believe these conclusions 
are tenable in view of Davis’s own data and 
particularly in view of the extensive work 
reported in this communication. 

Whether or not there are differences in 
the animal preparations must be considered. 
Davis’s animals were sacrificed without the 
benefit of an open chest and artificial respira- 
tion. Whether or not the degree of failure 
is different in the 2 groups of animals as 
evidenced by the apparently normal end- 
diastolic filling pressures on the right side 
in the Davis series can be resolved only by 
further experimentation. It is hoped that 
some reconciliation of these differences will 
be ultimately effected. 

With regard to the question of generalized 
cardiac failure in dogs with TI/PS valvular 
disease, Benson*® found that in vitro con- 
tractility of glycerol-extracted muscle strips 
from both the right and left ventricles of 
dogs with heart failure resulting from Tl 
and PS was markedly reduced, as a depressed 
ventricular function curve similar to that 
observed in vivo could be constructed from 
the data. Since glycerol-extracted muscle re- 
tains little else than the basic contractile 
system and responsiveness to ATP, it seems 
reasonable to assume that the defective con- 
tractility observed by Benson and co-workers 
must be due to altered contractile proteins. 
Kako and Bing*! observed a similar decrease 
in contractility of actomyosin bands pre- 
pared from failing human heart muscle post 
mortem when compared with control prep- 
arations. 

It appears from these studies and ours re- 
ported herein that cardiac myosin is altered 
in physicochemical properties in association 
with congestive heart failure in the dog. The 
extent to which this is etiologic is not at this 
moment determined. Also, the extent to which 
this system is a model for the human with 
valvular disease is an interesting subject for 
speculation. 
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Contractile Proteins of Heart Muscle in Man 


By Ricuarp J. Brne, M.D., anno K. Kako, M.D. 


This report deals with the contractile proteins of human muscle in congestive failure, 
and with the role played by the contractile proteins and by biochemical processes in the 
regulation of the mechanical function of the heart. The contractility of actomyosin bands 
prepared from heart muscle of patients who had died in congestive failure was diminished 
as compared to those prepared from normal hearts. This may have been the result of 
defective protein synthesis. The increase in heart rate was correlated with the activity of 
phosphorylase a in heart musele and with changes in earbohydrate intermediates (lactate, 
glucose-6-phosphate [G-6-P] and glycogen). The heart rates over 300 per minute were 
associated with a transient increase, followed by a decrease, in phosphorylase a activity; 
glycogen diminished, while lactate and G-6-P increased. The oxidation-reduction potential 
in heart muscle became more negative. In the absence of myocardial anoxia, the increased 
rate of stimulation of the heart produced no alterations in either the concentration of 
carbohydrate intermediates or the phosphorylase a activity. Alterations in function of 
the heart that come into play upon rapid changes of ecardiae activity are the result of the 


integration of several diverse biochemical cellular reactions. The contractile proteins are 


but following the lead of the cellular elements concerned with the production of energy. 


a PROTEINS of Heart 
Muscle in Man’’ is the topic assigned. 
Strict adherence to this title would limit the 
field to human heart muscle alone and would 
make this primarily a technical discussion. 
Therefore, little opportunity would be af- 
forded for dealing with problems of broader 
physiologic significance. Consequently, al- 
though the title of this presentation will be 
adhered to in principle, it will also be used 
as a starting point to contrast the role played 
by the contractile elements and by biochemical 
processes in the regulation of the mechanical 
function of the heart. 


Contractile Proteins and Regulation of 
Cardiac Function 


When one considers the properties of acto- 
myosin in solution, it appears that this pro- 
tein is most susceptible to the influence of 
adenosine triphosphate (ATP) and ions. In 
the presence of ATP, at low salt concentra- 
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tions, there is complete dissolution and disso- 
ciation. Then, with an increase in potassium 
chloride, superprecipitation occurs. As one 
increases the concentration of potassium 
chloride further, complete dissolution and 
dissociation suddenly take place again. Super- 
precipitated actomyosin forms a gel that can 
be compressed into threads.* Weber called 
these preparations thread models.” He showed 
that muscle models shorten by 80 per cent 
of their initial length and that they develop 
tension. Thus, the contraction of the living 
system and the contraction of these models 
agree in many points. We do, however, miss 
evidence of physiolige insight on the part 
of these models. They contract, they lift 
weights, and they develop tension, but their 
response to weight and their speed of con- 
traction are uniform and not adjusted to the 
demands of the moment. 

More than 10 years ago, with these con- 
siderations in mind, we undertook a study 
of the properties of models prepared from 
heart muscle both of animals and of man. The 
question that we tried to answer first was: 
Do models prepared from heart muscle re- 
tain some of the physiologic insight of the 
intact heart muscle; for example, what is 
the relationship between the tension devel- 
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Figure 1 

This shows the isotonic contractions of extracted 
heart muscle after the addition 0.8 per cent ATP. 
The work of the isotonically contracting muscle 
strip calculated per unit fiber (millimeter length 
per millimeter diameter) is related to the tension 
exerted on this preparation. The work perform- 
ance increases with rising tension up to an optimal 
value and decreases when the tension becomes 
excessive. (From Taeschler and Bing.*) 


oped and the work, and between the speed 
of contraction and tension? Dr. Taeschler, 
using the ‘‘fiber model’’ preparation of Szent- 
Gyodrgyi (the glycerinated heart muscle fiber ) 
found that the work of the extracted heart 
muscle increases with rising tension up to a 
maximal value and then decreases as this 
load is exceeded (fig. 1*).* In this respect, 
extracted heart muscle reacts similar to fresh 
heart or skeletal muscle or, for that matter, 
to the whole heart. 

This observation, which was interpreted as 
evidence that the molecular orientation of the 
contractile proteins of heart muscle during 
stretch determines the work performance, 
prompted us to extend our studies to the 
contractile elements of the human heart.’ If 
our conclusions were correct, then similar 
technics should enable us to accumulate evi- 
dence of an altered state of contractile pro- 
teins in heart muscle of patients who had died 
in congestive failure. From our metabolic 
studies, we had already reached the tentative 
conclusion that in heart failure, excluding 


*Figure 1 reproduced from Taeschler and Bing: 
Circulation Research 1: 129, 1953.3 By permission of 
the American Heart Association, Ine. 
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such types as beriberi or thyrotoxic heart 
disease, the disturbance may be in the con- 
tractile proteins.’ If one could prepare acto- 
myosin models from failing human hearts, 
one might supplement the studies of Olson,® 
Davis,’ and Benson,® who had attacked this 
problem by means of biophysical and physi- 
eal-chemical technics. 

The success of this work depended on 2 
unknowns: (1) are available actomyosin 
models suitable for this work, and (2), since 
the studies were to be based on the con- 
tractility of actomyosin bands obtained from 
hearts after the death of the patient, it would 
have to be shown first that characteristic 
properties of actomyosin do not change for 
a brief period after death. Dettli explored 
both these problems; in answer to the first 
question, he found that actomyosin threads, 
produced by the compression of surface 
spread fibers of the proteins, possess certain 
definitive disadvantages.® In a thick thread, 
such as the one prepared by Hayashi, most 
of the molecules within the thread are not 
exposed to immediate contact with ATP but 
must be reached by unequal diffusion of ATP 
from the bath.?° In addition, the thickness 
of the thread varies a great deal, making it 
difficult to obtain uniform results. Dettli 
overcame these difficulties by compressing 
actomyosin, spread on the surface of a solu- 
tion, into bands not into threads.® This af- 
forded a more constant diffusion of ATP 
into the preparations and made them a use- 
ful tool in comparative experimental studies 
(fig. 2). Dettli also devised an apparatus for 
the measurement and recording of after- 
loaded isotonic contractions; in this system, 
refined by Kako, it is not necessary to handle 
the sticky actomyosin band directly ; instead, 
the band can be loaded by moving the weigh- 
ing spring of a torsion balance by the desired 
number of milligrams (fig. 3*).4°® Since the 
band contracts on the addition of ATP, the 
arm of the torsion balance follows the con- 


*Figures 3 and 4 reproduced from Kako and Bing: 
J. Clin. Invest. 37: 463, 1958. By permission of 
the American Society for Clinical Investigation. 
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Figure 2 
This illustrates an actomyosin band in the con- 
traction chamber. One end of the band is anchored 
firmly, while the other is attached to the lever of 
a torsion balance. 


traction. This initiates an electronic servo 
feedback mechanism, which moves the trough 
in a direction opposite to that of the con- 
traction. Thus, the arm of the torsion balance 
is always kept in the equilibrium position and 
a counter force is produced that equalizes 
the tension of the thread.t The movements 
of the trough are recorded, and, without ap- 
preciable friction, it is possible to register 
shortening of the band at a magnification of 
23 diameters. 

The second problem, possible changes in 
the contractility of actomyosin after death, 
was studied by Dettli for the dog’s heart and 
by Kako in actomyosin bands prepared from 
human hearts.**® Kako found that the con- 
tractility of actomyosin bands remained un- 
diminished for at least 6 hours after the 
death of the patient.* 

The way now appeared open for a com- 
parison of the contractility of actomyosin 
bands prepared from the left ventricles of 
normal and of failing human hearts. The 
actomyosin bands prepared from heart mus- 
cle of patients who died in congestive failure 
were found to possess diminished contractility 
(fig. 4). It is not within the scope of this 
paper to dwell on the reasons for this dimin- 
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Figure 3 
The Langmuir trough in which 
solution is compressed into bands. The contraction 
chamber is at the right. The torsion balance and 
its elongated arm are also shown. As the protein 
band contracts, the arm of the torsion balance 
moves with the contraction; the trough moves in 


the actomyosin 


an opposite direction. Thus, the counterforce 


produced equalizes the tension on the bands. (From 
Kako and Bing.*) 


ished contractility on a molecular level, but 
the actomyosin bands have an advantege over 
actomyosin solutions in that studies on the 
essential property of the contractile proteins, 
their contractility, can be carried out. The 
results on actomyosin bands prepared from 
human hearts are in agreement with those 
of Benson, who, using glycerinated heart mus- 
cle strips from failing myocardium of dogs, 
found that these fibers did less work than 
fiber bundles from normal hearts under equiv- 
alent conditions of length, temperature, pH, 
and ATP concentration.” 

We have asked ourselves repeatedly about 
what factors could cause a change in con- 
tractile elements of heart muscle leading to 
diminished contractility. We favored the 
hypothesis of stretch as playing an important 
role, but this has never been conclusively 
demonstrated. A change in orientation of 
actomyosin is also unlikely, since Olson ob- 
served changes in myosin molecules of failing 
heart muscle.® 

Recently, a very interesting observation on 
failing hearts has been published by Meerson 
and Zayats.’! Their report is of particular 
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Figure 4 


The contractility of actomyosin bands prepared 
failing human hearts and the effect of 
digoxin and of calcium and digoxin combined. 


from 


The regression line and standard deviations ob- 
tained from normal data are represented. Many 
of the points obtained from failing hearts are 
below the standard deviation of the normal. 
Digoxin does not influence the percentage shorten- 
ing (the group mean is still below the deviation 
of normal data). The of digoxin 
and calcium results in marked improvement of 
contractility, indicated by the fact that the group 
mean is now on the normal regression line. 
[]=Control: b=—0.879, p<0.01; ®=failure, 
control: b=—0.019, p>0.9; A=digoxin: b=0.295, 
p>0.1; X=digoxrin + Ca: b=0.404, p>0.5 (From 
Kako and Bing.4) 


combination 


interest, since it touches on the previous dis- 
cussion, while leading into the regulation of 
cardiac function by biochemical processes. 
These authors measured the rate of protein 
synthesis in hearts of rabbits with experimen- 
tally produced aortic stenosis.'! Protein syn- 
thesis was determined by the rate of uptake 
of S*°-labeled methionine into the heart mus- 
cle. The changes occurring in protein syn- 
thesis during the development of failure are 
illustrated in figure 5. Immediately after the 
production of aortic stenosis, a period called 
the ‘‘state of sudden overload,’’ the heart 
dilates and its weight increases. The rate of 
protein synthesis doubles and microscopic 
changes in heart muscle are noticeable. Mus- 
cle glycogen and creatine phosphate diminish, 
while lactic acid concentration in heart mus- 


cle rises. During the second stage, that of 
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Figure 5 
Data from Meerson and Zayats'! are graphically 
illustrated in this figure. The rate of incorpora- 
tion of S®*° methionine into myocardial protein 
after the 
aortic insufficiency and then decreases during the 


increases immediately production of 


state of stable hyperfunction; it reaches its lowest 
level during myocardial failure. 


stable hyperfunction, the heart weight first 
increases, then remains constant, and the rate 
of protein synthesis returns to normal. There 
is hypertrophy of the muscle fibers. The myo- 
cardial concentration of phosphocreatine and 
glycogen is normal, but the lactic acid con- 
centration remains elevated. During the third 
stage, that of cardiac decompensation, the 
heart weight remains stable, but there is 
dilatation and protein synthesis decreases. 
(fig. 5). Lactic acid concentration in heart 
muscle increases, creatine phosphate dimin- 
ishes, while glycogen concentration remains 
unchanged. Accordingly, cardiac hypertrophy 
produces an increased myocardial mass, and 
an increase in sarcosomes. Myocardial anoxia 
is present, as illustrated by the increase in 
lactic acid. The that the 
disturbance in protein synthesis in the myo- 
cardium is an important factor in the devel- 


authors conclude 


opment of myocardial failure and that the 
loss of kinetic energy of cardiac contraction 
is connected with a disturbance of the normal 
process of protein synthesis in heart muscle. 
The cause for diminished protein synthesis 
may be prolonged anoxia with reduced ATP 
synthesis or a deficiency of deoxyribonucleic 
acid (DNA), the latter brought about by a 
relative of the 
plasm as compared to nuclear mass.'! 


increase in the size cyto- 
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Superprecipitation 
Precipitation 
Dissolution 
Dissociation Oi — te 
Figure 6 


At very low potassium chloride concentrations 


and in the presence of ATP, actomyosin is dis- 
sociated, As the potassium chloride concentration 
is increased, superprecipitation occurs. As_ the 
ionic strength is further increased, dissociation 
and dissolution again take place. (After Szent- 
Gyérgyi.t) 


The Role Played by Biochemical Processes in 
the Regulation of Cardiac Function 


The challenging concept of Meerson and 
Zayats relating possible alterations in con- 
tractile elements to protein synthesis leads us 
into the second portion of the discussion, a 
consideration of biochemical events concerned 
with the functional regulation of the heart 
muscle. It is not difficult to predict the in- 
fluence of these biochemical factors. They are 
likely to be responsible for a greater speed 
of contraction and should play a predominant 
role in the adaptation of the heart muscle 
to rapid changes in internal environment. 
Actemyosin bands, gels, superprecipitations 
have with few exceptions no ways of grading 
their responses except in an all-or-none fash- 
ion. Superprecipitation is an example. As 
mentioned before, in the presence of ATP, 
a slight increase in KCl causes an intense 
precipitation, provided starts at low 
potassium chloride concentrations. If 2 con- 
secutive test tubes differ by no more than 


one 


0.02 molar potassium chloride, dissolution is 
found in 1, superprecipitation in the other 
(fig. 6). In all likelihood, it is the presence 
of the cell membrane that is responsible for a 
smooth regulation of the intracellular ionic 
concentration. In addition to the presence of 
a membrane or membranes, the organelles of 


Circulation, Volume XXIV, August 1961 


PROTEINS OF HEART MUSCLE IN MAN 


Time in sec. 


60 5: 
120 
° 10 20 30 40 50 60 70 
%/o activity 
Figure 7 
The effect of ventricular fibrillation on active 
phosphorylase activity of the left ventricle is 
shown. Active phosphorylase activity first in- 


creases, then diminishes, as ventricular fibrillation 
proceeds. Mean value of 4 experiments. 
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The rise in heart rate results in an increase in 
lactate concentration (uM/100 Gm. -muscle) of 
left ventricular muscle. The highest concentrations 
are found in ventricular fibrillation. 


energy production, the mitochondria regulate 
the speed of contraction in vivo. Their ubiqui- 
tious presence makes ATP accessible to every 
portion of the fibril, while in artificial models 
the contraction depends on the penetration of 
ATP from the bath solution. 

Therefore, although actomyosin bands may 
present true models of the contractile ele- 
ments, they are stereotyped and devoid of 
the ability to respond quickly and to adapt 
themselves independently to alterations in 
environment. 

The relationship between enzymatic activ- 
ity at the cellular level of organization and 
the functional activity of the heart muscle 
may be investigated by integrating changes 
in either the rhythm or the force of con- 
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HEART RATE 
Figure 9 


Increase in the heart rate is accompanied by a 


rise in the glucose-6-phosphate concentration of 
left ventricular muscle. The highest values are 
found in ventricular fibrillation. 


traction of the heart with well-defined bio- 
chemical reactions. In 19438, the Coris dis- 
covered the enzyme phosphorylase, which 
catalyzes the reaction glycogen + inorganic 
phosphate = glucose-l-phosphate.'* The en- 
zyme exists in an active and in an inactive 
form; enzymes in muscle can convert the 
active into the inactive form or can catalyze 
the reverse reaction.” Phosphorylase appears, 
therefore, as an important enzyme in deter- 
mining the rate of glycogenolysis in skeletal 
muscle. Cori, summarizing the effect of stimu- 
lation on phosphorylase a content of skeletal 
muscle, stated that increasing the speed, as 
well as the total number of contractions, 
causes a progressively greater increase in the 
amount of active phosphorylase ; however, dur- 
ing tetanic contractions, the ratio of phosphor- 
ylase a to total phosphorylase diminished.'* 
An increased rate of stimulation of skeletal 
muscle also results in major changes in the 
carbohydrate intermediaries of the Embden- 
Meyerhof cycle. Thus, in anaerobic mus- 
cle, glycogen disappears, while lactate and 
hexosephosphate accumulates; apparently, 


phosphofructokinase becomes the rate-limiting 
step during anaerobic contraction.’* If the 
response of the heart muscle and of skeletal 
muscle is similar, then the increased heart 
rate should result in glycogenolysis, with 
accumulation of glucose-6-phosphate (G-6-P) 
and lactic acid; it should also lead to an in- 
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Increase in the heart rate leads to a diminution 


in myocardial glycogen concentration during first 


2 minutes (mg./100 Gm. muscle), As compared 


to skeletal muscle, glycolysis occurs at much 
faster rates of contraction. ©=Skeletal muscle 
(Cori); @=heart muscle. 


crease in the relative concentration of phos- 
phorylase a to total phosphorylase. This 
supposition is correct but applies only to the 
anoxic heart muscle. 

Figure 7 illustrates that ventricular tachy- 
cardia, with beats over 300 per minute, and 
ventricular fibrillation first cause an increase 
and then a diminution in phosphorylase a 
activity.1* Similar results are obtained in 
atrial muscle during atrial fibrillation.1* The 
increase followed by the fall in active phos- 
phorylase can be explained by assuming that, 
during the first seconds of tachycardia, the 
heart muscle is still alkaline, favoring the 
enzyme that synthesizes phosphorylase a.!* 

The increased heart rate is also accompanied 
by definite changes in carbohydrate inter- 
mediates.1* As in skeletal muscle, the in- 
creased rate of contraction leads to an in- 
crease in lactate and G-6-P concentration 
and to a decline in glycogen (figs. 8, 9, and 
10). This suggests that, as in skeletal muscle, 
the enzyme phosphofructokinase is the rate- 
limiting enzyme under these conditions. Un- 
doubtedly, anoxia as initiated by a decline 
in coronary blood flow is present under these 
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circumstances; this is confirmed by a more 
negative oxidation-reduction potential as cal- 
culated from the ratio lactate to pyruvate.’ 

The shift to an anaerobic metabolism and 
to glyeogenolysis and to the transient increase 
in phosphorylase activity are the results of 
quick adaptive reactions in energy produc- 
tion; the actomyosin band or thread lacks 
this ability; it is the fly-wheel of the steam 
engine without the steam generator. 

In the absence of myocardial anoxia, an 
increased rate of stimulation of the heart 
produces no alterations in either the con- 
centration of carbohydrate intermediates or 
in the phosphorylase a activity (table 1).1% 
These results were obtained in hearts in situ 
in which coronary arteries were perfused 
from a donor animal. Apparently, the in- 
ereased rate of stimulation, in the absence 
of anoxia, fails to evoke the metabolic pat- 
tern described as typical for muscular con- 
traction. An increase in heart rate alone is 
not sufficient to stimulate the activated 
enzyme.}% 

Likewise, the increased force of contrac- 
tion, for example, as initiated by angio- 
tensin, is without effect on phosphorylase a 
activity.1% This enzyme therefore appears to 
be activated only under the influence of 
anoxia or catecholamines, which has been 
shown by Meyer and Moran and by Kukovetz 
and others.* 15 

The conclusions that may be drawn from 
this discussion are of a specific and of a gen- 
eral nature. In the first place, whatever the 
underlying physical chemical reasons may be, 
actomyosin prepared from failing human 
heart possesses diminished contractility. This 
adds some weight to the argument that the 
fundamental defect in heart failure lies in 
the organs of energy utilization. It is in- 
triguing to consider a causal relationship 
between defective protein synthesis and di- 
minished contractility. 

In general, alterations in function of the 
heart that come into play upon rapid changes 
in demand are the result of the integration 
of several diverse biochemical reactions in the 
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Table 1 
Percent Changes in Phosphorylase A as a Result 
of Atrial Fibrillation and of Ventricular Fibrilla- 
tion after Perfusion of the Coronary Arteries 








Active phosphorylase Active phosphorylase 
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Mean 32.5 33.3 31.3 


2 
Mean 34.5 35.5 
5.7 +59 +S.E. +40 +45 +43 
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*Left atrial appendage. 
tRight atrial appendage. 


cell, which are regulated by the cell mem- 
brane and the substructures of the cell con- 
cerned with energy production. The contrac- 
tile proteins are but following the lead and 
command of those cellular elements con- 
cerned with energy production and those 
endowed with the regulation of ionic transfer 
into, and out of, the cell. 
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Chairman Eichna: Dr. Konigsberg, does 
ATP cause contraction of these early cells, 
either in the mononucleated phase or in the 
3- or 4-day stage when cross striations appear ? 

Dr. Konigsberg: The multinuclear ribbons 
begin to contract spontaneously at about the 
seventh day of culture. By this time, cross 
striation is apparent. These contractions oc- 
cur, however, without the addition of exoge- 
nous ATP. 

We have added ATP to the glycerol-ex- 
tracted cultures and these respond as one 
would expect of glycerol-extracted models; 
upon the addition of ATP they contract. You 
start out with a culture that is about the size 
of a quarter and get a dime in change. 

Dr. Mommaerts: Dr. Konigsberg, it struck 
me that some of the effects of nitrogen mus- 
tard persist over several days; yet they leave 
a substance in water that persists only for 
about 15 minutes. Is the implication that the 
cells are influenced during this short time and 
that this influence persists? 

Dr. Konigsberg: Yes, exactly. We prepare 
the mustard solutions immediately before use 
and expose the cells for an hour, although we 
realize that this may be longer than neces- 
sary. The first 15 minutes, as you point out, 
would probably be sufficient. We then replace 
the nitrogen-mustard solution with complete 
crowth medium. What we measure subse- 
quently is the damage that was done during 
those first 15 minutes. 

Dr. DeHaan: Dr. Konigsberg, have you 
ever redissociated the syncytia before stria- 
tions are formed from the glass and will they 
form single cell suspensions again ? 

Dr. Konigsberg: The difficulty we have ex- 
perienced is that, upon the addition of trypsin 
to differentiated cultures, we get clumps of 
interwoven multinucleated ribbons in addi- 
tion to free cells. These clumps have thus far 
resisted dispersion. If we remove the clumps 
by filtering the cell suspension through bolt- 
ing silk and plate the free cells, we again get 
the formation of multinuclear cells—although 
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they are sparse. Several repetitions of this 
procedure eventually yield muscle-free fibro- 
blast cultures. 

Dr. DeHaan: Well, then, do you get the 
impression that these syncytia, once they 
form, do not disaggregate into single cells? 

Dr. Konigsberg: No, I don’t think so. We 
are not convinced that trypsin disaggregates 
the multinuclear ribbons, although Rinaldini 
has suggested that it does (Exper. Cell Res. 
16: 477, 1959). Godman and Murray (Proc. 
Soc. Exper. Biol. &@ Med. 84: 668, 1953) ap- 
plied colchicine and noted that the multinu- 
cleated cells broke up into smaller fragments 
that later re-associated. DeRényi and Hogue 
(Arch. exper. Zellforsch. 16: 167, 1934) ob- 
served contracting multinuclear cells that 
gave off mononucleated buds during this pe- 
riod of contraction. We think that a similar 
breakdown into mononucleated elements oc- 
curs during the early stages of muscle regen- 
eration. The multinucleated muscle cell may 
represent a biologic metastable state that is 
completely reversible under the appropriate 
conditions. 

Dr. Fishman: Dr. Konigsberg, would you 
be willing to say if you think that these obser- 
vations also apply to cardiac muscle? Have 
these experiments done on 
muscle ? 

Dr. Konigsberg: My former collaborator, 
Dr. William Cooper, is studying cardiae mus- 
cle. I think that he will probably get very 
similar results. One question of interest is 
whether there is a stage in developing cardiac 
muscle corresponding to that of developing 


been cardiac 


skeletal muscle in which rows of contiguous 
nuclei form. I would suspect that this ar- 
rangement wouldn’t occur in cardiac muscle 
because it isn’t a true syncytium. The inter- 
calated disc, as I understand it, is an actual 
physical separation between what were orig- 
inally individual cells. 

Dr. Richard L. Klein (Jackson, 
sippi) : Do you see intercalated discs in em- 
bryonic cultures? 


Missis- 
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Dr. Konigsberg: We have worked only with 
skeletal muscle. I don’t know.* 

Dr. Klein (Jackson, Mississippi): Dr. 
DeHaan, in view of your proposal of 2 dis- 
tinct cell types in cardiogenesis, you are un- 
doubtedly familiar with the work of Fiange, 
Persson, and Tesleff. Would you care to com- 
ment on the fact that myocardial cells, when 
cultured in tissue culture after trypanization, 
apparently will show a typical pacemaker 
type of potential up to 8 days? 

Dr. DeHaan: Yes, | am familiar with their 
work**; and it is very interesting. I’m glad 
you asked this question, because it gives me 
an opportunity to expand on the apparent 
lability of pacemaker function in immature 
myocardium. As you’ve suggested, clusters of 
embryonic ventricular cells, when isolated in 
tissue culture, pulsate spontaneously and ex- 
hibit pacemaker prepotentials. Recordings 
taken from such clusters from 4-day hearts al- 
ways show diastolic depolarization.** In con- 
trast, Meda and Ferroni*! have demonstrated 
that similar recordings from intact embryonic 
ventricle in situ do not show pacemaker pre- 
potentials. Finally, Fange, Persson, and Thes- 
leff*® demonstrated that cell clusters from 
8-day ventricle sometimes, but not always, ex- 
hibit pacemaker prepotentials. Thus, it would 
seem that, in early stages of development, cells 
capable of functioning as pacemakers are 
widespread throughout the heart, but that in 
the normal course of development their spon- 
taneous activity is suppresed or masked. 
When subjected to culture conditions, they 
once again exhibit prepotentials. Later in de- 
velopment, that is, at 8 days, it would appear 
that some cells have now been ‘‘fixed’’ as ven- 
tricular myocardial units and have thereby 
lost their ability to exhibit prepotentials, even 
under culture conditions. This is the only rea- 





*Since this symposium was held, a note has ap- 
peared deseribing the development of cardiac muscle 
cells from disaggregated cell suspensions (Science 
132: 1839, 1960). 

tReferences in Dr. DeHaan’s discussion identified 
by superior number will be found in ‘‘ References’’ 
at the end of his paper. 
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sonable explanation that I can think of at the 
moment. 

Dr. Mommaerts: May I return to the high 
glycogen again?—because that is still very 
mysterious. You indicate, of course, that this 
high glycogen makes one think of glycolytic 
metabolism. But to explain it, ie., the high 
content, we need a second fact, that is, some 
form of periodic use, because glycogen is a 
storage food, and we cannot understand its 
function unless there are periods in which it 
is used and other periods in which it is resyn- 
thesized. For example, by analogy, we find 
starch deposited in the roots of trees during 
the ‘‘fat’’ season and then used during the 
‘‘lean spring’’ when leaves have to grow. 
Later on, starch is replaced. Unless we find 
similar periodicity in the use of glycogen in 
the heart, we will be unable to understand 
why it is there. 

Dr. DeHaan: This is a most interesting 
topic, which I have not worked on myself. 
However, to add fuel to your argument, 
Schiebler™ states that the glycogen in the con- 
duction system is more resistant to a period of 
anoxia than is glyeogen in the myocardium ; 
that is, even under prolonged periods of 
anoxia, glycogen disappears more slowly from 
the conduction fibers than from the ventricu- 
lar muscle. On the other hand, the enzymo- 
logic information that I referred to earlier 
suggests that conduction tissue has a rela- 
tively low rate of oxidative metabolism. These 
are the observations as they now appear in 
the literature. I’m afraid I can’t go beyond 
them. 

Dr. Rhodin: I should like to hear a com- 
ment about the ability of the conducting sys- 
tem to contract. Do you know of any studies 
in which the conductive cells have been raised 
in pure culture? 

Dr. DeHaan: No. To my knowledge, the 
culture of conductive cells has not been done. 
[ am, in fact, at present getting organized to 
do tissue culture and have considered attempt- 
ing just this project. There are statements in 
the literature to the effect that the bundle 
and bundle branches of some species, when 


dissected out, are relatively noncontractile, 
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even when stimulated. Perhaps Professor 
Weidmann would comment on this. 

Dr. Weidmann: Excised Purkinje fibers of 
ungulates (sheep, calf, horse) usually do not 
contract, even when looked at through the 
microscope, although they may generate, and 
will always propagate, action potentials. How- 
ever, by increasing the calcium concentration 
in the bathing fluid 2- or 3-fold, an action po- 
tential will invariably be associated with a 
visible contraction. This indicates that even 
the most differentiated conducting tissues 
have retained the potential for exciting a me- 
chanical response under suitable conditions. 

Dr. Arthur H. Briggs: Dr. Olson, from 
your studies of cardiac myosin in congestive 
heart failure, do you believe that your animals 
are in a stage of irreversible failure and 
whether any new insights could be gained by 
giving digitalis or, perhaps, by releasing some 
of the pulmonic stenosis? 

Dr. Olson: In general, we have not been 
able fully to reverse this failure either by so- 
dium restriction, or by the use of diuretics or 
of digitalis. We have done a few preliminary 
studies on the effect of digitalis upon myosin 
isolated from the hearts of both normal ani- 
mals and animals in failure. We have shown 
that digitalis is bound to myosin (Fed. Proc. 
18: 221, 1959). Although the effects on the 
protein are variable, there is one consistent 
feature, that is, the digitalis tends to make 
myosin more unstable. This may have some 
implications for our hypothesis. If, in fact, 
trimers are not so well utilized in the contrac- 
tile mechanism as monomers, something that 
would produce even disorganized fragments 
of the polymerized myosin might conceivably 
be beneficial to the subject with heart failure. 

Another point is that, with heart failure 
resulting from tricuspid insufficiency and 
pulmonic stenosis, we do not have a good 
model to test the effects of inotropic agents 
upon sodium retention. Stimulation of the 
right ventricle to greater contractility with 
digitalis usually further elevates the right 

atrial pressure and may lead to further sodi- 
um retention. We are going to restudy this 
problem in animals with primary left heart 
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failure, which should give a better answer to 
your question and hopefully a clearer picture 
of the effects of digitalis upon myosin. 

Dr. Ellis 8. Benson (Minneapolis, Minn.) : 
One has a natural desire to defend one’s work 
to the hilt, but there is also the need to be 
objective. Dr. Olson has referred to our work 
on actomyosin and on glycerol-extracted tra- 
becular-muscle preparations from the chroni- 
cally failing heart. In both of these prepara- 
tions one must realize that we are dealing 
with a rather unstable, poorly characterized 
preparation subject to much inherent varia- 
bility. 

Dr. Olson and Dr. Bing present an interest- 
ing ease for the existence of changes in the 
myocardial contractile proteins in chronic 
congestive heart failure. I think that, on the 
basis of our experience in this field, I would 
urge an attitude of caution in drawing con- 
clusions, pending further investigation. 

Dr. Bing: Dr. Huxley, based on your work 
on the sliding in and out of actin and myosin 
fibers, what do you believe is happening dur- 
ing prolonged stretch? After all, the failing 
heart is stretched for a long time. What hap- 
pens during chronic stretch? 

Dr. Huzley: I think that the degree of over- 
lap of the filaments would obviously be less 
when a muscle is working in prolonged stretch. 
In the particular model that I am supporting, 
I see no reason to suggest that the prolonged 
stretch would be detrimental to the muscle. 
Beyond that, I wouldn’t say anything. 

Does anyone know the amount of myosin 
per gram of muscle in these failing hearts? 

Dr. Olson: We haven’t studied this in a 
really quantitative way, because our objective 
was to obtain a purified sample for character- 
ization. From the size of the precipitates at 
various stages of purification, however, I 
would say that the difference between the nor- 
mal and the failing heart with regard to myo- 
sin is not marked. 

Is there any evidence, Dr. Huxley, that in 
chrone stretch the A-band changes at all? 

Dr. Huxley: As I say, I haven’t looked at 
muscle in chronic stretch. 

Dr. Olson: I ask this question because it 
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seems possible to me that some degree of de- 
polymerization inside the A-band may be a 
feature of -a ‘‘normal’’ heart. This depoly- 
merization could be a feature of the organiza- 
tion of the protein in the thick filament, ter- 
minating in the double strands of myosin 
which protrude and show as ‘‘feet.’’ If there 
were stresses that might distort the A-band 
filament, which, I think, we have to accept 
now as a sort of organelle, this distortion, in 
turn, might cause internal changes in the state 
of organization of the protein itself and re- 
sult in polymerization. This is the kind of 
idea we have been speculating about. - 

Dr. Huxley: Is there any effect of chronic 
stretch on any other muscle than _ heart 
muscle ? 

Dr. Olson: We are in the process of study- 
ing that now in the rabbit and the dog. We 
are trying to extend the femur in such a way 
that we can get a chronically stretched leg 
muscle for study. It would be interesting if 
we could generalize the hypothesis of poly- 
merization with chronic stretch to skeletal 
muscles. 

Dr. Mommaerts: Before coming to my ques- 
tion, I must express doubt that chronic stretch 
of skeletal muscle occurs under biologie c¢ir- 
cumstances; even if you put people on the 
rack, you are only stretching their ligaments, 
aren't you? 

Dr. Olson: This is the reason why we have 
to rely on the surgeon again. The gross dif- 
ference between cardiac and skeletal muscle 
in the intact organism is that the skeletal mus- 
cle has an origin, an insertion, and a fairly 
fixed range of motion. 

Dr. Mommaerts: To start with a small 
technicality: the molecular weight of skeletal 
myosin in our preliminary paper was 380,000, 
but, in the final paper, when we applied a cor- 
rection for concentration dependence of light 
scattering, the weight increased to 420,000 
plus. With the exception of one recent paper 
by Harrington and Kielley (Biochim. et bio- 
phys. acta 41: 401, 1950), where it has gone 
up higher, this value of 420,000 to 450,000 is 
now being found by just about everybody, 
both as a molecular weight and also as a bind- 
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ing equivalent for 1 molecule of ATP. This 
discrepancy will have to be explained. 

I can only say that the data that Dr. Olson 
has presented look completely convincing. 
There has, of course, been controversy on this 
point, but what we have seen here leaves no 
place for any other conclusion but that there 
is a different myosin in the failing and in the 
normal heart. 

Now as to his concept as well as that of Dr. 
Bing—that this difference in myosins charac- 
terizes heart failure. They are saying some- 
thing very different from what I said yester- 
day when I stated that heart failure is a 
disease of the force-velocity relation. But this 
relation must have a mechanism; and, in 
chronic cases, this relation could very well be 
along the lines suggested by Dr. Olson. In 
other words, what sounded so different yester- 
day is only a difference of emphasis and not, 
in any fashion, a contradiction of the concept 
that we have just heard. 

Dr. Olson: I should like to add 1 point 
about the findings of Harrington and Kielley 
which give a molecular weight for skeletal 
myosin of about 620,000. Again, this could 
be an artifact of preparation. I don’t think 
it is an artifact of physical chemistry. With 
guanidine salts, Harrington and Kielley have 
been able to depolymerize their skeletal myo- 
sin into a particle of 216,000 molecular weight, 
which in particle size matches very closely 
the cardiac myosin that we have isolated from 
the heart, although the physical constants in- 
dicate that it is more unfolded. It could be 
that their particle is the fundamental particle 
in the myosin series, of the order of 220,000 
in molecular weight. In vivo, this particle 
could give rise to molecules with different 
degrees of polymerization. Some such poly- 
mers could be formed under ‘‘ pathologie con- 
ditions.’’ We know that even more extensive 
polymerization can occur in vitro as a result 
of denaturation. 

Question from Audience: Dr. Olson, in 
your slide summarizing the differences be- 
tween myosin obtained from normal and fail- 
ing hearts, you included a statement for 
ATPase activity ; you stated that this was not 
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a significant difference, although it appeared 
to be significant from here. Would you com- 
ment on this? 

Dr. Olson: The question was, what about 
the ATPase values for the normal and fail- 
ing heart? Actually, the range of activity that 
has been obtained in the study of the normal 
and failing heart is such that a statistical anal- 
ysis of the 2 groups of values shows no sig- 
nificant difference. It would thus appear that 
the active site for ATPase is not altered per 
unit weight, which one might assume is rea- 
sonable if the polymerization does not involve 
linkages around the active site. 

Perhaps a more important fact is that skel- 
etal myosin has a much higher ATPase activ- 
ity. That has been found consistently and is 
also true of the heavy myosin fragments after 
tryptic digestion. 

Another point of difference is that we really 
cannot find heavy myosin fragments in our 
products of tryptic digestion of cardiac myo- 
sin. 

Dr. John Gergely (Boston, Massachusetts) : 
Dr. Olson has made an excellent case for both 
the low molecular weight of normal heart 
myosin and the high molecular weight of myo- 
sin obtained from failing hearts. However, I 
find it rather difficult to set aside the results 
of Davis and his colleagues (J. Clin. Invest. 
39: 1463, 1960) at the National Institutes of 
Health, and also those of our laboratory 
(Gergely, J., and Kohler, H.: Ped. Proc. 16: 
185, 1957), which consistently indicate a mo- 
lecular weight of normal heart. myosin of 
around 450,000. I should add that, since we 
used the light-scattering technic, which was 
preceded by extensive centrifugation at high 
dilution, I cannot quite see how our prepara- 
tions could have been contaminated with acto- 
myosin. 

However, setting this aside, I should like to 
make a constructive suggestion, putting two 
and two together: that is, putting together 
what Dr. Mommaerts said in one of his com- 
ments about their extremely ingenious method 
of measuring ATP binding, and the ideas of 
various degrees of polymerization that Dr. 
Olson has brought up. 
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If Dr. Olson is right, then one should find 
that in heart myosin the combining weight of 
myosin with ATP is about 200,000, and this 
would not be affected by the presence of any 
small actomyosin impurities or aggregation. 
We have made some measurements on the 
binding of pyrophosphate (which can serve as 
model substance) to heart myosin, and we 
found that 1 mole of pyrophosphate combined 
with about 500,000 Gm. of protein. Perhaps 
Dr. Mommaerts would do these experiments 
and, by his technic, we could have a quick and 
decisive answer. Naturally, the fact that the 
combining weight for ATP of skeletal myosin 
is about 400,000 to 500,000 would seem to rule 
out a simple dimer picture for the skeletal 
protein. 

Dr. Olson: We have thought about these 
studies. Perhaps Dr. Mommaerts and I can 
collaborate in applying the firefly technic to 
the study of this binding constant for normal 
cardiae myosin. 

The problem of a difference in molecular 
weights obtained for cardiae myosin in differ- 
ent -laboratories may be physiologic rather 
than physicochemical. We have observed, for 
example, that, in normal animals allowed to 
suffer anoxia during the period of sacrifice, 
polymerization of myosin occurs, and higher 
particle weights are obtained in normal ani- 
mals. If one allows time to elapse before the 
heart is chilled in ice water at 1 degree, one 
finds changes that affect particle size ; in other 
words, there seems to be a very labile system 
for post-mortem polymerization. This should 
be explored further. 

Question from Audience: Could Dr. Olson 
comment further about the time element with 
reference to the human studies, where studies 
of heart myosin are done 2 or 4 hours post 
mortem ? 

Dr. Olson: We all appreciate that it is ex- 
ceedingly difficult to obtain human cardiac 
muscle shortly after death. It is possible, as 
Dr. Bing has shown, that the actomyosin 
fibril, no matter how it is composed in vitro, 
will contract if isolated any time up to 6 hours 
after death. What the size of the myosin 
monomer is under these conditions, of course, 
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is unknown. I would doubt that it remains 
unchanged for 6 hours post mortem. Never- 
theless, we are going to try to study human 
cardiac myosin under various conditions. Pos- 
sibly we can control the viability of the prepa- 
ration by plotting a curve of mitochondrial 
phosphorylation, or some other index, as evi- 
dence for the intactness of the muscle and ex- 
trapolate to zero time. 

Dr. Furchgott: I should like to comment 
again on this matter of whether there is a de- 
ficiency in the conservation of energy in the 
high energy phosphate pool. In my paper 
yesterday, you may remember, I comnmrented 
on the work of Drs. Feinstein and Schwartz 
on the hearts of guinea pigs in chronic failure 
due to aortic stenosis. They found respec- 
tively, a fall in high energy phosphates, espe- 
cially creatine phosphate, and about a 30 to 40 
per cent uncoupling of oxidative phosphoryl- 
ation. I was cautious about interpreting their 
results and did not conclude that the fall in 
efficiency of oxidative phosphorylation and 
levels of high energy phosphate produced the 
failure. These defects may have come about 
subsequent to a failure as a result of various 
other changes. But I should like to stress that, 
if such defects are associated with failure, 
they would certainly aggravate the situation, 
making for an even worse condition of the 
myocardium than would have existed in their 
absence. 

IT was interested to hear about the results 
of the Russian workers, which Dr. Bing re- 
ported. Apparently, in the later stage of fail- 
ure, they, too, found a fall in creatine phos- 
phate. Is that right? 

Dr. Bing: You are correct. During the first 
stage (which they call the accident stage), 
when the heart dilates rapidly, Drs. Meerson 
and Zayats observed a fall in creatine phos- 
phate, but no change in ATP. A second dimi- 
nution in creatine phosphate and also a 
decrease in ATP occurred during the final 
stage, that of gradual decompensation. 

Dr. Furchgott: It may be equivalent to 
what Feinstein finds in the markedly hyper- 
trophied hearts of guinea pigs in severe con- 
gestive failure. 
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Dr. Bing: I agree with Dr. Furchgott that 
there are different types of mechanisms which 
lead to heart disease. Lack of high energy 
phosphate may be one of them. Other situa- 
tions that may start the development of heart 
failure may be truly metabolic, such as oc- 
curs in beriberi heart disease. 

Dr. Olson: I should just like to emphasize, 
Dr. Furchgott, that, at least in our experi- 
mental preparation, there is no evidence in 
the state of advanced heart failure for any 
decrease in CP storage. The mitochondria in 
these animals seem normal in vitro. This is not 
to say that one can’t get a mixed lesion, al- 
though I think, even in the guinea pig, there 
has been a report by Plaeut and Gertler (Ann. 
New York Acad. Sc. 72: 515, 1958) that mito- 
chondria from guinea pigs in failure from 
aortic stenosis do phosphorylate normally ; so 
I think that it is possible that more studies of 
chronic animals may reveal a component of 
anoxia resulting from coronary ischemia. This 
is just a suggestion but I think it is very 
clear that one can have cardiac failure with- 
out a change in oxidative phosphorylation. 

Dr. Furchgott: I agree that you could have 
it. All I’m saying is that there may be exam- 
ples of failure—even clinical failure—in which 
this is an additional aggravating factor. I’m 
not saying that it is the initial cause of the 
failure. 

Dr. Olson: Yes. I have just 1 other com- 
ment about Dr. Bing’s talk, if I may, with 
regard to the Russian work on incorporation 
of S*5-methionine into total protein. An alter- 
ation in the contractile proteins and a change 
in §*5-methionine uptake are not necessarily 
mutually exclusive phenomena. It may well 
be that this abnormal protein does not turn 
over so fast; in fact, we know that myofibril- 
lar proteins turn over very slowly indeed. 

Dreyfus, Kruh, and Schapira (Biochem. J. 
75: 574, 1960) studied the uptake of C**-gly- 
cine into the skeletal myofibril in the rat and 
found the turnover to be remarkably slow. 
Further, the slope of the isotope-decay curve 
suggested that the myofibril is, like a red cell, 
undergoing little decay, but only dissolution. 
Further changes could occur in failure. 
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Dr. Huxley: I was wondering if anyone 
had tried to make heavy myosin from this low 
molecular weight, and, if so, what does its 
molecular weight come out to be? 

Dr. Olson: We have tried it and failed. 

Dr. Hoffman: I wonder if Dr. Bing would 
elaborate a little bit on the study reported 
from the Russians on the decreased incorpora- 
tion of sulfate into protein? Is it possible that 
this change results in any way from the al- 
tered nutritional status of an animal that has 
had aortic stenosis for many months and pre- 
sumably may have been near death at the time 
of the study ? 

Then, also, on his own data, I wonder if he 
would elaborate a little on the extent to which 
changes in phosphorylase activity are related 
either to anoxia or to the release of catechola- 
mines? If it is primarily anoxia, how much 
anoxia, independent of catecholamine action, 
do you need to produce these changes? 

Dr. Bing: Meerson and Zayats have ex- 
cluded the possibility of the nutritional status 
of the animal as contributing to defective pro- 
tein synthesis in heart muscle. This they have 
done by showing that the changes in protein 
synthesis in heart muscle are not paralleled 
by synthesis of plasma protein. As for Dr. 
Hoffman’s second question, there appears little 
doubt that the changes in phosphorylase ac- 
tivity are related to anoxia. What role cate- 
cholamines play in this connection is not 
clear, since we have not performed any deter- 
minations of catecholamines under these cir- 
cumstances. 

Dr. Paul F. Cranefield (New York, N. Y.) : 
If you do the same experiment that was men- 
tioned, that of cross circulation, the heart, 
which is put into fibrillation, shows no deteri- 
orating changes in its electric activity and 
the single-cell potential except for the changes 
resulting from the fact that the rate is very 
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high. The single-cell potential is not charac- 
terized by loss of resting potential, slurring 
of upstroke, or anything like that, which con- 
firms the findings that deteriorative changes 
in fibrillation are linked simply to inadequate 
perfusions. Probably the only reason that elec- 
tric defibrillation ever fails is that adequate 
oxygenation has not been maintained between 
the time of the initiation of fibrillation and 
the application of electric defibrillation. I 
wonder if anyone can suggest a way to dis- 
tinguish between myocardial changes that 
arise from the mechanical load and those myo- 
cardial changes that come about as a result 
of the circulatory deficiencies of the myocar- 
dium. I do think that these may be 2 quite 
different phenomena. It would be nice if you 
could have a heart under the load of aortic 
stenosis but supplied with a normal coronary 
circulation. But, of course, that is impossible. 

Dr. Bing: Dr. Cranefield, are there any 
changes in the resting potential in your anoxic 
heart-muscle cells? 

Dr. Cranefield: No, you do not see the no- 
ticeable drop in resting potential which you 
do see if a heart is simply fibrillated wthout 
a maintained perfusion. 

Chairman Eichna: I am obliged to call this 
discussion to a close. But before I subside, I 
should like to indicate that it has taken a 
great deal of restraint not to burst in on the 
discussion from time to time. As you depart, 
I would leave a few questions with you: Why 
does the trimer of myosin not contract as well 
as the monomer? How does the trimer work 
in with the Huxley demonstration of the lo- 
eation of the myosin? Are these trimers spe- 
cific for the heart muscle or are they just 
functions of the malnutrition which these 
animals, including man, go through? I have 
many other questions which I shall reserve 
for private conversations. 











N THE closing session of this symposium, 
I we are to consider a function that actually 
precedes the mechanical contractile responses 
we have heard so much about. The heart beat 
originates in a pacemaker, where spontaneous 
depolarization occurs. Conduction of excita- 
tion involves a transmission of this depolari- 
zation over a specialized conducting system 
and then, ultimately, to the basie contractile 
fibers of the myocardium. 

Dr. Weidmann, in starting the afternoon’s 
meeting, will discuss membrane excitation in 
cardiac tissue. Dr. Hoffman will then describe 
the studies, which he and Dr. Paul Cranefield 
have carried out recently, on the conduction 
process in the specialized conducting tissue; 
in their paper, we shall be turning back to 
a matter that has been discussed at 
length by previous speakers. I think that by 


some 
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Introduction 


By CHANDLER McC. Brooks, Ph.D. 


the end of this symposium we shall see clearly 
that 3 or 4 major problems have been empha- 
sized. One of them will be the problem of 
transmission in the conducting system and 
another will be the meaning of the inter- 
calated dise. 

Our third subject of the afternoon will 
bring us again to the matter of contraction ; 
this topic will also involve a discussion of 
membrane phenomena. 

The final presentation of the day will be 
devoted to a completely new subject. Dr. 
Hajdu will be concerned with materials that 
affect the contractile 
will begin this afternoon with a new approach 


process. In brief, we 
to the problem of cardiac function; then, as 
the afternoon progresses, we will reconsider 
topics that you heard discussion of yesterday 
and this morning. Our session will begin with 
Professor Silvio Weidmann of Berne, who will 
describe the processes involved in ‘‘ Membrane 
Excitation.”’ 


The Experimental Basis of Concepts 


Einstein’s theory of relativity, the most 


magnificent achievement of modern physics, 


closest adherence to experimental facts; this is its strength. We may 
admire the grandeur of its structure of thought and the depth of its ideas; but this alone 
would never have secured for it that firm position in physies which it enjoys today. This 
position was secured because it is able to explain experimental faets, to foretell events; 
it was the later confirmation of these events which made this theory great.—H. Reichen- 


York, 


Philosophical 1942, pp. 51-52. 
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Membrane Excitation in Cardiac Muscle 


By Sttvio WeEIDMANN, M.D. 


The contributions made during the past 10 years are reviewed. Intracellular recording has 
made it possible to state absolute values for the cardiae resting potential (90 mv., inside 
negative to outside) and the ‘‘overshoot’’ during activity (30 mv., inside positive to outside). 
The surface membrane of a resting fiber is considered to be predominately permeable to 
K ions. During activity, Na conductance inereases and K conductance decreases. The latter 
process is thought to be essential for explaining the high membrane resistance that is 


measured during the long-lasting ‘‘plateau’’ found with eardiae muscle. A hypothesis is 


presented that would account for the termination of the plateau and the beginning of 


repolarization. 


T IS THE PLAN of the present survey 
l to begin with a description of the elec- 
trical events during cardiac activity ; to con- 
tinue with their interpretation in terms of 
the movements of ions; and to close by treat- 
ing a more special problem: the possible rea- 
sons for the long-lasting action potential that 
is typical for cardiae muscle. 


Intracellular Recording 
1949 that 
working in Chicago, described a new tool that 


It was in Ling and Gerard,! 
stimulated electrophysiologic research in al- 
most all its branches: the capillary microelec- 
trode. Two people who had been taught the 
technic by Ling were to become responsible 
for extending the method from skeletal to 
cardiac muscle: J. W. Woodbury,” then work- 
ing at Salt Lake ‘City, and A. L. Hodgkin of 
Cambridge, England. I can well remember 
the day of July 16th, 1949. 
the microelectrode technic at Cambridge and 


Having learned 


having been rather unsuccessful in prodding 
around in different tissues of the frog, I be- 
came a heart physiologist by 2-fold chance: 
from 5 to 6 p.m. Dr. Feldberg had demon- 
strated a Starling preparation to the medical 
students and allowed me to cut out the dog’s 
heart ; and my wife agreed that I need not be 
home for supper at 6:30. 

Now, what is the advantage of the new 
technic? The suction 


electrode, introduced 
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and widely used by Schiitz,* had revealed the 
time course of the cardiae action potential 
with a fair amount of accuracy. Only by the 
use of the Ling-Gerard electrode, however, 
was it possible to record the full amount of 
the potential difference existing between the 
inside and the outside of a cardiac fiber. 

Figure 1 illustrates the potential changes 
that can be observed when a microelectrode 
is introduced into a rhythmically driven prep- 
aration (sheep ventricle). The ‘‘zero line’’ 
or ‘‘reference potential’’ is first recorded be- 
tween two extracellular electrodes (see draw- 
ing upper right). One of the electrodes then 
is moved into the preparation. Touching and 
penetrating the endocardial layer causes mi- 
nor potential changes (first arrow). The pen- 
etration of a muscle fiber by the electrode tip 
(second arrow) is signaled by the occurrence 
of large potential changes synchronous with 
the contractions. In diastole the potential 
difference is constant (resting potential, here 
85 mv.). On pulling back the electrode the 
potential drops to the reference level. When 
viewed on a faster time base (fig. 1, lower 
records), the transmembrane action potential 
shows an extremely rapid upstroke (1 msec.) 
followed by a plateau and a moderately rapid 
downstroke (repolarization). 

The upstroke would coincide with the QRS 
complex and the downstroke with the T wave 
of a surface ECG. 


The Distribution of Ions 
In heart muscle, as in other living cells, the 
ionic composition of the inside differs marked- 





85 
mV 





0,4 sec. 


ly from that of the extracellular space. There 
are different views on how the inside compo- 
sition is maintained in spite of the established 
fact that the membrane is permeable to all the 
ionic species that have to be considered (fig. 
2). One of the simplest hypotheses is this: 
Na ions leave the cell by some ‘‘pump”’ proc- 
ess of an unknown nature. Na outfilux takes 
place against an electrical gradient and a con- 


Resting cell 











Figure 2 
Distribution of ions between the inside and the 
outside of a muscle fiber. Exchange at rest for 
various ions is indicated with arrows of different 
length. 








2 msec. 
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Figure 1 

Upper record. Potential 
changes as observed during 
the introduction of a Ling- 
Gerard electrode into a myo- 
cardial fiber. The electrode 
positions corresponding to the 
“zero” and to the “trans- 
membrane” potentials are 
seen on the upper right. 
Lower records. From the same 
preparation, at higher sweep 
speeds, to bring out a single 
action potential (left) or its 
initial phase (right). 


centration gradient; for thermodynamic rea- 
sons it requires metabolic energy. K and Cl 
ions may be looked upon as being passively 
distributed. In the case of K ions the force 
from the concentration gradient (outward) 
would be balanced by the force from the elec- 
trical potential gradient (inward for a posi- 
tive ion). It may be stated that the ratio of 
the K concentrations, 30:1 (inside: outside), 
and possibly also that of the Cl concentrations 
1:30 (?) are in good agreement with the 
measured potential difference of about 90 mv. 
(for references see Weidmann® and Hoffman 
and Cranefield.*). 


The Movement of Ions 

If the inner surface of a cell membrane is 
to become more positive, as during the up- 
stroke of an action potential, the positive 
charge must be shifted from outside inward. 
During repolarization, on the other hand, the 
positive charge must leave the cell. Identifi- 
cation of the ionic species that carry the 
charge has been accomplished on a quantita- 
tive scale for the giant nerve fibers of the 
squid, mainly by the ‘‘Cambridge group.’” 
Experiments on cardiac tissue then revealed 
many similarities (for references see Hoffman 
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and Cranefield®). Thus it is generally agreed 
that the movements indicated by figure 3 are 
responsible for the cardiae action potential : 
inward movement of Na ions for depolariza- 
tion, outward movement of K ions for re- 
polarization. These shifts may be ‘‘passive,”’ 
that is, they may be brought about by a suc- 
cession of permeability changes: first a transi- 
tory increase of Na permeability, then a slight 
increase of K permeability. 

The state of ionic concentration differences 
represents stored energy and makes it pos- 
sible for strong ionic currents to flow during 
the action potential. At the end of activity, 
the inside of the fibers will have gained a 
minute quantity of Na ions and lost a similar 
quantity of K ions. If ionie order is to be 
maintained over a longer period, Na ions must 
be ejected and K ions accumulated during the 
time between the two action potentials. 


Evidence for an Increase in Na Permeability 
During the Action Potential 


Since the work of Overton® it has been 
known that Na ions are necessary for cardiac 
excitation. Figure 4* shows an experiment 
of the type that led to the conclusions ex- 
pressed in the preceding section. Replacement 
of 80 per cent of the normal NaCl by choline 
chloride—choline being a nonpenetrating ion— 
has the following effects: (a) the resting po- 
tential remains unaltered, suggesting that the 
resting membrane is but sparingly permeable 
to Na ions; (b) the amplitude of the action 
potential and its duration decrease, suggest- 
ing that normally there is an inward Na cur- 
rent during activity. Furthermore, the up- 
stroke velocity of the action potential can be 
shown to be roughly proportional to the extra- 
cellular Na concentration® 1° suggesting that 
during the initial phase of activity Na ions 
are the main carriers of charge. 


The Plateau of the Cardiac Action Potential 

In a nerve fiber, the action potential is 
ended in less than a millisecond; in the mam- 
malian ventricle, activity lasts for a few tenths 





*Figure 4 reproduced from Déléze: Cireulation 
Research 7: 461, 1959.° By permission of the Ameri- 
ean Heart Association, Ine. 
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Figure 3 
The shifts of ions leading to the changes of the 
membrane potential during electrical activit.’. 
Restitution of ionic gradients after activity. 





SOO msec 


Figure 4 
Evidence in favor of low Na permeability at rest 
and high Na permeability during activity. Suc- 
cessive action potentials of the same fiber of 
sheep ventricle. The vascular bed of the prepa- 
ration was perfused first with normal Tyrode 
solution, then with a test solution containing 1/5 
of the normal sodium. The camera was opened 
during the first 30 seconds after the admission of 
the Na-poor solution, then again between 60 and 
90 seconds. (From Déléze.®) 


of a second. During the plateau phase there 
is but little change in the membrane potential 
as a function of time, a state which means 
that inward current is almost equal to outward 
current. A further analysis will be facili- 
tated if more is known about the membrane 
resistance. Figure 5 shows (left) an experi- 
ment performed on a sweet-water alga kept 
in Upsala tap water (method of resistance 
measurements'!). During the plateau of its 
long-lasting action potential, the resistance is 
low; and a detailed analysis’? of data from 
the alga Chara has revealed that during that 
phase a strong potassium inward current is 
balaneed by a strong chloride outward cur- 
rent. With mammalian ventricular fibers, the 
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0,3 sec. 


3 sec. 


Nitella flexilis 





resistance during the plateau is relatively 
high (fig. 5). 
which indicates that the increase of the Na 


This is an important finding, 


permeability causing the upstroke of the ac- 
tion potential is at least partially reversed, 
while the permeability to other ions remains 
constant or even decreases. 

Data of a more quantitative nature have 
been obtained for Purkinje fibers of the sheep 
heart (fig. 6).* The action potential of Pur- 
kinje fibers regularly shows an initial spike 
and thus a comparatively ‘‘low’’ plateau; as 
a rule there is some potential drop during 
diastole, which is typical for all membranes 
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Figure 6 


Membrane resistance during activity of a sheep 


Purkinje fiber, for comparison with figure 9. 
Relative resistance values are indicated for differ- 
ent phases of the action potential. (From Weid- 
mann.7% ) 


*Figures 6 and 10 reproduced from Weidmann: 
Ann. New York Acad. Se. 65: 663, 1957." By per- 
mission of the New York Academy of Sciences. 








Sheep heart 
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Figure 5 


100 Measurement of 
resistance during activity. 


mV Square pulses of hyperpolar- 


membrane 


izing current were applied to 
the preparation. The result- 
ing voltage change is a meas- 
ure of resistance. Left: With 
Nitella flexilis, a sweet-water 
alga, low resistance on “pla- 
Right: With 
myocardium, high resistance 
on “plateau.” 


teau.” sheep 


with pacemaker properties. The figures at- 
tached to the tracing indicate that the re- 
sistance is even higher during activity than 
at rest. 

The behavior of the nerve membrane was 
adequately described by Hodgkin and Hux- 
ley’ with the aid of a set of empirical equa- 
tions. Briefly, it was assumed that depolari- 
zation causes a transitory increase of Na con- 
ductance (Gx,) and a long-lasting but some- 
what delayed increase of K conductance (Gx). 
The increase of Gx, would be responsible for 
the inward current, causing depolarization ; 
the decrease of Gy, with a simultaneous in- 
crease of Gx would provide the outward cur- 
rent, causing repolarization. 

An attempt to ‘‘produce’’ a Purkinje-fiber 
action potential by applying the Hodgkin- 
Huxley equations was 
Noble (fig. 7).* 
parameters, the high membrane resistance of 
Purkinje fibers during the plateau could be 
simulated only if Gx was allowed to fall as 
a consequence of depolarization. The con- 


recently made by 


In choosing appropriate 


ductance changes computed by Noble’s ma- 
chine are seen in figure 8.* Gy, rises as a 
consequence of depolarization; after the in- 
itial spike it settles down at about 8 times its 
resting value. Gx by contrast falls as the driv- 
ing force for K* outfiux increases. 


*Figure 7 (left) reproduced from Draper and 
Weidmann: J. Physiol. 115: 74, 1951;" and figures 
7 (right) and 8 from Noble: Nature 188: 495, 1960." 
By permission of the Journal of Physiology and 
of Nature. 
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Figure 7 
Left. Recorded action potential of a dog Purkinje fiber. (From Draper and Weid- 
mann.2”), Right. Similar action potential, computed with the aid of the Hodgkin-Hucley 


equations. (From Noble.14) 


Convincing experimental evidence is avail- 
able in the case of the nerve membrane to 
show that Gx rises as a consequence of de- 
polarization.'!° It is important then to pro- 
vide experimental evidence for the suggested 
drop of Gx in Purkinje fibers. With this 
intention, membrane resistance was measured 
over a large range of membrane potentials. 
To minimize the contribution of Na ions, the 
experiments were performed in choline chlo- 
ride (Hutter and Noble 316 Carmeliet!*) ; to 
eliminate even chloride ions, as carriers of 
charge, a solution of choline acetylglycinate 
was used.'* Under such experimental condi- 
tions, the membrane current practically has 
to be carried by K ions. 

Figure 9 reveals that the membrane re- 
sistance corresponding to a membrane poten- 
tial of -+40 mv. (plateau level) is indeed 3 to 
4 times higher than that corresponding to 
-90 mv. (resting level). This is taken to 
suggest that the assumption of a low Gx dur- 
ing the plateau is well justified. 

The Changes Responsible for Repolarization 

Applying long pulses of depolarizing cur- 
rent to a Purkinje fiber in a Na-free solution, 
Hutter and Noble’ found a slow decrease of 
membrane resistance that was complete at the 
end of a few tenths of a second. This change 
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A. Computed action potential, same as in figure 
7. The integration was started by displacing the 
membrane potential to —50 mv. B. Time course 
of membrane conductance plotted on a logarithmic 


G Na 


sodium conductance. The potassium and sodium 


scale. Gx denotes potassium conductance. 


equilibrium potentials were set at —100 mv. and 
+ 40 mv. respectively. (From Noble.) 
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Figure 9 
Membrane resistance as recorded from a sheep 
Purkinje fiber in @ sodium-free solution. Note 
high resistance (=low membrane conductance) 
in the region of the normal plateau. Effect of 
K-rich solution on membrane resistance. Courtesy 
of Dr. E. Carmeliet, Louvain (unpublished). 


might indeed be responsible for repolarization 
if it is attributed to a rise of Gx, thus result- 
ing in a stronger outward current of K ions. 

The finding of a strong outward current of 
tracer potassium (**K) during the phase of 
membrane repolarization'® would seem to be 
in line with the electrical data. 

Finally : do we know of any possible reason 
for which Gx might increase as a function of 
time when the membrane is held at a con- 





5 sec 


Figure 10 

Shortening of the action potential of a turtle 
ventricle owing to a rapid rise of the K concen- 
tration in the perfusate. Potassium-rich solution 
was made to flow into the coronary artery for half 
a second, as indicated by the lowest trace. With 
a delay of 1% seconds this initiated an early but 
incomplete repolarization. Voltage calibration lines 
from 10 to 10 mv. (From Weidmann."3 ) 
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Figure 11 

Effect of chloride substitution on the duration 
of the action potential. Sheep right ventricle. 
Upper record. Normal Tyrode solution. Lower 
left. Chloride ions substituted by acetylglycinate. 
Lower right. Chloride ions substituted by nitrate. 
Courtesy of Dr. E. Carmeliet, Louvain (unpub- 
lished). 


stant potential in the region of the plateau? 
In this connection let me recall that a rapid 
rise of the extracellular K concentration in- 
duces a ‘‘premature’’ repolarization (fig. 10). 
One of the suggested mechanisms for this ob- 
servation was recently tested by Carmeliet.'® 
He was able to demonstrate that an increase 
in the extracellular K concentration causes a 
drop in membrane resistance that may be in- 
terpreted as a rise of Gx (fig. 9). The effect 
is most pronounced near —40 mv., ie., in the 
region of the plateau of the action potential 
of a Purkinje fiber. 

Furthermore, Carmeliet!® measured the in- 
and outflux of radio-K using extracellular so- 
lutions of different K concentrations. He 
could indeed establish that the rate of influx 
as well as that of outflux became larger when 
the outside K concentration was increased, 
again suggesting a rise of Gx. 

It seems not unlikely, therefore, that the 
plateau is brought to an end by the following 
mechanism: (a) outflux of K ions during the 
plateau; (b) accumulation of K ions in a 
narrow space around the fibers; (c) increase 
of Gx as a consequence of the rising extra- 
cellular K concentration; (d) increase in the 
rate of K outflux. This is a regenerative 
process and might well be responsible for 
terminating the cardiac action potential. 
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Physiology of Atrioventricular Transmission 


By Brian F. Horrman, M.D. 


This paper describes records of the transmembrane action potential of fibers from different 
parts of the specialized conducting system and electrograms recorded directly from these 
fibers in situ. On the basis of these records it is possible to describe certain physiologic 
mechanisms for conduction delay, block, and supernormal conduction. In general, impaired 
conduction is associated with a reduced level of membrane potential. This may be 
caused by incomplete repolarization or partial depolarization. In the normal conducting 
system, local differences in, action-potential duration and local pacemaker activity most 
frequently are the cause of a low membrane potential. In disease states, on the other hand, 
many other factors may be operative. At the atrial margin of the atrioventricular (A-V) 
node, local anatomic and electrophysiologic properties of the fibers normally cause a very 
low conduction velocity. The safety factors for conduction here appear to be quite low, 
and delayed transmission or block often does not result from refractoriness or partial depolari- 
zation of nodal fibers. Supernormal conduction, at least in Purkinje fibers, seems to result 
from the high level of membrane potential reached at the end of repolarization. Whether other 












factors are responsible for supernormality 


URING the normal cardiae cycle, elec- 

trical activity originates in some part 
of the sinoatrial node and spreads to the 
atrium and thence to the atrioventricular 
node. After some delay, activity then spreads 
through the bundle of His, the bundle 
branches, and the peripheral Purkinje fibers 
and finally reaches the musculature of the 
ventricles. In the normal heart, activity that 
is initiated in some part of the ventricles 
can spread in the reverse direction along this 
same path. However, under a wide variety of 
abnormal conditions either sequence of events 
may not take place. Atrial activity may be 
delayed excessively at the atrioventricular 
node or may fail to excite the bundle of His. 
Activity that does traverse the atrioventricu- 
lar node may be delayed or blocked in its 
passage through the specialized conducting 
system, and this delay or block may be local- 
ized to one or another anatomic subdivision. 
Also, unidirectional conduction delay or block 
may be observed. Finally, most and perhaps 
all parts of the specialized conduction system 
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within the A-V node remains to be seen. 


may at times develop intrinsic rhythmicity 
and such ectopic pacemakers may compete 
with varying degrees of success with the nor- 
mal sinus pacemaker. 

A large number of comprehensive studies 
of normal and abnormal atrioventricular 
transmission has been carried out by careful 
analysis of the electrocardiogram. These 
studies have provided a fairly detailed pic- 
ture of the physiology of the various parts 
of the atrioventricular (A-V) conducting sys- 
tem; however, the evidence in most instances 
has been somewhat indirect. This is so because 
electrical activity of the A-V node, the bun- 
dle of His, and the Purkinje fibers is not 
recorded directly in the conventional electro- 
cardiogram. However, 2 methods can _ be 
used to demonstrate this electrical activity: 
through an intracellular microelectrode one 
can record the change in transmembrane po- 
tential associated with activity of a fiber from 
any part of the heart, and, by means of 
small electrodes placed directly over various 
parts of the specialized conducting system, 
one can record the local electrogram of the 
underlying structures. 

We have employed these 2 technics to study 
certain aspects of the electrophysiology of 
fibers in the A-V node, the bundle of His, 
and the Purkinje system and to obtain some- 
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Figure 1 
A. Bipolar electrograms re- 
corded through chronically 
implanted electrodes from , 
dog heart and standard elec- cs 
trocardiograms. RA, right 
atrium; LA, left atrium; CS, " 
coronary sinus; H, bundle of 
His; RV, right ventricle; LV, 
left ventricle; 2 and 3, leads 
II and III, Arrow indicates RV 
electrogram deflection caused 
by activity in the bundle of LV 
His. B. Records similar to 
those in A obtained from a 2 
different animal. RA, bipolar 
electrogram from the right 
atrium; H, bipolar electro- 
gram from the bundle of His; 
N, unipolar electrogram from 
the region of the atrio-ven- A 
tricular node; RV, bipolar 





electrogram from the right 
ventricle; 2, lead II electro- ul 
cardiogram. For all bipolar 
electrograms low frequency 
components (i.e., under 40 
c.p.s) and components above 
200 c.p.s. are strongly atten- N 
uated. The unipolar electro- 
gram from the node and the 


electrocardiograms are re- 


RV 


corded with the frequency re- 





sponse usual for electrocardi- 
ography. Time lines at inter- 
vals of 40 msec. 





what more direct information on the physio- 
logic mechanisms responsible for certain dis- 
turbances of A-V transmission. Experiments 
using microelectrodes were carried out on iso- 
lated preparations of rabbit or canine hearts. 
The methods have been described elsewhere 
in detail.!;* Electrograms were recorded di- 
rectly from various parts of the specialized 
conducting: system of canine hearts in situ 
using small electrodes that had been attached 
to the endocardium during total cardiopul- 
monary bypass.* The experiments were acute 
in some instances; in others, records were ob- 
tained from healthy animals in which elee- 
trodes had been implanted previously.* 
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Activation of the Specialized Conducting System 
The Sequence of Activation 

The exact sequence of activation of the spe- 
cialized conducting system in canine hearts 
has been determined by several investigators 
from bipolar electrograms recorded by means 
of electrodes closely placed over the bundle 
of His, the right and left bundle branches, 
and the peripheral Purkinje fibers and from 
unipolar electrograms recorded by way of 
electrodes in close proximity to the A-V 
node.*"! In figures 1 and 2 are several such 
tracings recorded simultaneously with a stand- 
ard limb-lead electrocardiogram. A fairly ae- 


curate estimate of the instant during the 





508 


RA 


PP 


Trent 


L 


< 


RA 





PP] 


cardiac cycle when atrial activity reaches the 
A-V node can be obtained by noting the time 
at which atrial depolarization is recorded 
through leads located either over the bundle 
of His or below the ostium of the coronary 
sinus (fig. 14). From such records it is ap- 
parent that the A-V note is excited early 
during the P wave of the electrocardiogram. 
The time required for activity to traverse the 
node can best be determined by recording the 
onset of propagated activity in the upper end 
of the bundle of His. This approach is neces- 
sary because the electrical activity of the A-V 


A ; 
BH Top. 
recorded through chronically 
implanted electrodes from 
| right atrium (RA), bundle 
of His (BH), right Purkinje- 
fiber—papillary-muscle june. 
tion (PPJ), left ventricle 
(LV) and a standard lead II 


HOFFMAN 


Figure 2 


Bipolar  electrograms 


electrocardiogram. Deflections 
are labeled as follows: A, 
atrium; H, bundle of His; 
S, septal muscle; P, periph- 
eral Purkinje fiber; M, pap- 
illary muscle. Low frequency 
components are filtered from 
the second, third, and fourth 
traces. Time lines at intervals 


of 40 msec. 

Bottom. Bipolar electrograms 

recorded during an _ acute 
experiment through electrodes 
located on the right atrium, 


over the bundle of His, the 
left bundle branch (LBB) 


Poms 


and the peripheral Purkinje 
fiber-papillary muscle junc- 
tion. Deflections are labeled 
as in A, Time lines at inter- 
vals of 40 msec. Low fre- 
quency components are filtered 
from all traces. 


nodal fibers is not easily demonstrated in sur- 
face electrograms.® 14 Unipolar records from 
the node show a slow, predominantly positive 
deflection of low voltage (fig. 1B) ; however, 
it is likely that in many instances this de- 
flection derives, in part, from currents associ- 
ated with repolarization of nearby atrial 
muscle. 

Electrodes located over the bundle of His, 
on the other hand, clearly signal the arrival 
of propagated depolarization in this structure. 
The electrogram deflection resulting from ac- 
tivity in the upper part of the common bundle, 
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PHYSIOLOGY OF ATRIOVENTRICULAR TRANSMISSION 





Figure 3 


Transmembrane action potentials recorded from single fibers of atrium (A), upper 
node (B), mid and lower node (C, D, E), and upper of His bundle (F). Upper trace 
represents a line of zero potential and shows time calibration (dots) in intervals of 
10 and 50 msec. Voltage calibration in A, from above down, shows in mv: —50 and —100. 
Overshoot ‘in (A) is larger than that commonly recorded. (From Hoffman et al.?*) 


usually designated by the letter ‘‘H,’’ appears 
during the first half of the P-R interval. 
Identification of the complexes resulting from 
activity in different parts of the specialized 
conducting system often is facilitated if low 
frequency components of the tracing are fil- 
tered. This device allows the use of high 
amplification to increase the relative magni- 
tude of the rapid complexes that result from 
activity in-the bundle of His or the Purkinje 
fibers. It has been employed for the records 
shown in many of the illustrations; in each 
instance the filter settings of the preamplifier 
are noted in the legend. The time required for 
A-V nodal transmission in dogs, determined 
from records like those in figure 1, ranges 
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from 40 to 50 msec. These findings have been 
the same both in acute experiments and in ani- 
mals with chronically implanted electrodes.* ® 
The electrogram recorded from the bundle of 
His varies somewhat in configuration and tim- 
ing, depending on the location of the elec- 
trodes ;* however, during normal A-V trans- 
mission, it is apparent that excitation of the 
various fibers in the common bundle is quite 
synchronous. 

Records obtained through electrodes located 
over the right or left bundle branches, the free- 
running Purkinje fibers in the false tendons 
of the left ventricle, and the peripheral Pur- 
kinje fibers at their junction with the papil- 
lary muscles of the left or right ventricle can 
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Figure 4 

Drawings of transmembrane action potentials re- 
corded from the following sites from above down: 
sinoatrial node, atrium, atrioventricular node 
(atrial margin), bundle of His, left bundle branch, 
Purkinje fiber in a false tendon, terminal Purkinje 
fiber, and ventricular muscle fiber. Note the 
sequence of activation at the various sites as 
well as the differences in the amplitude, configura- 
tion, and duration of the action potentials. (From 
Hoffman and Cranefield.? ) 


be employed to time the onset of activity in 
these structures (fig. 2). At each location 
the rapid deflection resulting from activity 
in the Purkinje fibers can be identified; 
since the recording electrodes are located 
progressively closer to the ventricular ter- 
minals of the specialized conducting system, 
the interval between this rapid deflection and 
the slower activity caused by depolarization 
of ventricular muscle decreases. The earliest 
activity recorded from the right or left bundle 
branches appears shortly after the midpoint 
of the P-R interval; that obtained from elee- 
trodes located at the Purkinje-fiber—papillary- 
muscle junction often is synchronous with 
the beginning of the initial deflection of the 
standard electrocardiogram. Electrodes lo- 


cated at appropriate sites on the endocardial 
surfaces of the ventricles record the local ar- 
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rival of depolarization in the subendocardial 
Purkinje-fiber network as small rapid deflec- 
tions that precede local ventricular activity 
by an interval of a few milliseconds. 
Conduction Velocity 

When the time in the cardiac cycle of elec- 
trograms recorded from each part of the spe- 
cialized conducting system is considered in 
relation to the distance between recording 
sites, it is apparent that conduction velocity 
varies considerably during the spread of the 
impulse from the atria to the ventricles. Ex- 
tremely slow propagation through the A-V 
node has been postulated for many years; re- 


cent studies of perfused dog hearts™ and iso- 


lated preparations of dog and rabbit heart? ' 
have shown that, at the atrial margin of the 
node, the conduction velocity apparently falls 
to the extremely low value of 0.05 M./see. or 
less. During normal A-V_ transmission the 
major delay in propagation is localized to the 
atrial margin of this structure. Within the 
node, conduction velocity mereases progres- 
sively and in the bundle of His attains a 
value of 1.0 to 1.5 M./sec.!° It is likely that 
the rapidity of spread of the impulse increases 
progressively toward the periphery of the 
common bundle. Measurements of conduction 
velocity in the free-running Purkinje fibers 
in the right and left ventricles of canine 
hearts, obtained during cardiopulmonary by- 
pass, give values for conduction velocity rang- 
ing from 3 to 4 M./see. In the fine terminal 
ramifications of the Purkinje system, conduc- 
tion velocity decreases and, in ventricular 
muscle, velocity is approximately 1 M./sece. 
During retrograde activation, which results 
from premature ventricular activity late in 
the cycle or from an idioventricular pace- 
maker firing at a low frequency, there is no 
demonstrable change from normal in the con- 
duction velocity in the Purkinje fibers and in 
the bundle of His. Retrograde transmission 
from the A-V node to the atrium is slower 
than that recorded during normal activity," 
and again the delay appears to be localized to 
the atrial margin of the node. During such 
retrograde activation of the specialized con- 
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Figure 5 


Transmembrane action potentials recorded from single fibers of the atrial margin 


_— 


of the atrioventricular node (upper trace) and bundle of His (lower trace) in an isolated 
preparation of rabbit heart. A. Control; B-G, effects of acetylcholine added to perfusion 
fluid. Note progressive increase in slurring and notching of upstroke of nodal potential 


Sean emma 





(B-D), normal nodal action potential 


fragmentation of nodal response in F and G, 


de Carvalho.* ) 


duction system, local electrograms reveal 2 
changes. The complex recorded from the bun- 
dle of His may show some slight asynchrony 
of activation of various fibers or fiber groups. 
Also, the complexes recorded from the region 
of the A-V node show a deflection that is not 
observed during normal transmission® and 
that may represent slow or delayed activation 
of atrial fibers at the atrionodal junction. 


Transmembrane Action Potentials of Different 
Fibers 


Probably the most useful record of elec- 
trical activity of cardiac fibers is the record 
of transmembrane potential obtained through 
an intracellular microelectrode. Transmem- 
brane action potentials have been recorded 
from single fibers in isolated preparations 
taken from all parts of the specialized con- 
ducting system.’ ? Unfortunately, it has not 
yet been possible to obtain such records from 
the heart in situ. Also, although the periph- 
eral Purkinje system of the adult canine heart 
has been studied extensively, many of the 
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caused by retrograde activation (E) and 


(From Cranefield, Hoffman, and Paes 


records from the bundle of His and A-V node 
have been obtained from the hearts of rabbits 
or puppies. This resort to small animals is 
an outcome of the large mass of these struc- 
tures in the adult dog heart, which prevents 
adequate perfusion of the isolated tissues. 
Nevertheless, it is possible to present a rea- 
sonably complete picture of the electrical ac- 
tivity of the single fibers present in each of 
the major subdivisions of the conducting sys- 
tem. 
The A-V Node 

Transmembrane action potentials recorded 
from fibers located in different parts of the 
A-V node are compared to a record of an 
atrial transmembrane action potential in fig- 
ure 3.* Several differences are apparent. The 
resting potential of the nodal fibers is lower 
than that of the atrium, the rate of rise of 

*Figure 3 reproduced from Hoffman et al.: Cireu- 
lation Research 7: 11, 1959.° By permission of the 
American Heart Association, Ine. 
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Figure 6 

Transmembrane action potentials recorded from 
single fibers of the atrioventricular node (upper 
trace) and bundle of His (lower trace) of an 
isolated preparation of the rabbit heart. A. Control; 
B-D, after addition of acetylcholine to the per- 
fusion fluid; E-G, during washout of acetylcholine. 
Note the small depolarization of the nodal fiber 
resulting from atrial activity and also from activ- 
ity in the bundle of His (arrows). These 
subthreshold depolarizations summate (D) and 
elicit a nodal action potential if of sufficient ampli- 
tude (as at x in E). 


the nodal action potential is much less, and the 
overshoot is reduced in amplitude. At the 
atrial margin of the node, records of trans- 
membrane action potential often reveal one or 
more steps or notches on the upstroke.!*: 14 15 
The recorded electrical activity differs in dif- 
ferent parts of the node ;'* the characteristics 
mentioned are most prominent at the atrial 
margin and become less pronounced in records 
obtained from fibers located closer to the 
bundle of His. The duration of the action 
potential is greater in the lower node than 
at the atrial margin of this structure and some 
slow diastolic depolarization is present in all 
records. Studies of conduction velocity within 
the node?” 1° have shown that extreme slow- 
ing is present only in the fibers at the atrial 
margin, i.e., in those fibers whose action po- 
tentials show the lowest rate of rise and lowest 
amplitude. Both of these properties of the 
nodal action potential—reduced amplitude and 
low rate of rise—would decrease conduction 
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Figure 7 


A. Transmembrane action potentials recorded from 
atrioventricular node (upper trace) and atrium 
(lower trace) of puppy heart showing changes in 
nodal action potential caused by high rate. B. 
Similar records recorded from a different prepa- 
ration. In this experiment the nodal action poten- 
tial is recorded somewhat closer to the lower node 
and the perfusion fluid contains a low concen- 
tration of acetylcholine. The first action potential 
is the last beat at a slow rate, the subsequent 
potentials are caused by a rapid driving rate. 
Note the distinct step on the upstroke of the 
nodal action potential. 


velocity. It is not known whether the ex- 
tremely slow propagation of activity in this 
part of the node results mainly from the char- 
acteristics of the action potential or in part 
also from the anatomic and passive electrical 
properties of the fibers. A-V nodal fibers in 
canine hearts are 6 microns or less in diame- 
ter!’ and, in some areas, have branches or 
extensions that are still smaller.1° In small 
fibers, other factors being the same, conduc- 
tion velocity is reduced because the resistance 
to flow of current along the axis of the fiber 
is high. Accurate measurements of the mem- 
brane resistance and capacity and the thresh- 
old potential of fibers at the atrial margin of 
the node have not been made, and thus it is 
impossible to evaluate the extent to which 
the unusual action potential and conduction 
velocity depend upon these properties. How- 
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Figure 8 


Transmembrane action poten- 
tials recorded from an iso- 
lated canine Purkinje fiber, 
showing the change in con- 
figuration and amplitude of 
responses to depolarizing pul- 
ses applied at various times 
during and after repolariza- 
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tion. Upward voltage step in A represents + 100 mv. Time marks on upper trace at intervals of 100 msec. 


ever, even if one assumes that they are much 
the same as in other cardiac fibers, the safety 
factor for transmission in this part of the node 
undoubtedly is reduced. 


The Bundle of His and the Purkinje Fibers 

The action potential recorded from a single 
fiber in the bundle of His of the rabbit heart 
contrasts quite markedly with the nodal ac- 
tion potential (figs. 3 and 4*). The resting 
potential is higher, the upstroke of the action 
potential is rapid, and the amplitude is great- 
er. The duration of the action potential is 
increased, and slow diastolic depolarization 
The 
rapid depolarization and good amplitude of 
the action potential, in combination with the 
greater diameter of the fibers, undoubtedly 
are responsible for the increase in conduction 
velocity as activity spreads into this structure. 
Action potentials recorded from Purkinje 
fibers in the bundle branches and peripheral 
branches of the conducting system show other 
changes. There is a further increase in rate 
of rise and a small increase in the amplitude 
of the action potential in the bundle branches 
and false tendons, and then a progressive de- 
crease in the terminal Purkinje fiber network. 
The duration of the action potential also in- 
creases with increasing distance from the com- 
mon bundle and then decreases as the junction 
of the Purkinje fiber with ventricular muscle 
is approached (fig. 4). Diastolic depolariza- 
tion is progressively less marked in records 
obtained from more peripheral fibers. Com- 
parative data on fiber diameter and frequen- 


is minimal under ordinary conditions. 


*Figure 4 reproduced from Hoffman and Cranefield: 
Electrophysiology of the Heart.? By permission of 
the McGraw-Hill Book Company. 
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ey of branching at different locations in the 
Purkinje system are not available. It is likely, 
however, that both factors (large diameter 
and infrequent branching) contribute to the 
high conduction velocity in the false tendons. 

At the extreme periphery of the Purkinje 
system, records of the transmembrane action 
potential show all gradations between a typi- 
eal Purkinje-fiber action potential and action 
potentials of ventricular muscle fibers. It is 
reasonable to assume that this finding results 
from a progressive change in the membrane 
properties that parallels the gradual change 
in histologic structure.!® Action potentials 
recorded from ventricular muscle differ from 
those of the Purkinje system primarily in 
that the rate of rise is less, the amplitude and 
duration are somewhat less, and there is a 
steady level of membrane potential during 
diastole. Ventricular fibers are smaller in 
diameter, branch more frequently, and con- 
duct at a lower velocity than do Purkinje 
fibers. 


Physiologic Basis for Disturbances in Conduction 
An attempt to present a detailed descrip- 
tion of the physiologic mechanisms responsible 
for any of the disturbances in A-V transmis- 
sion observed in the clinic certainly is pre- 
mature. On the other hand, it is possible to 
describe the changes in electrical activity that 
have been observed in association with experi- 
mental conduction disturbances and to indi- 
eate the extent to which these changes might 
cause certain electrocardiographie alterations. 
Disturbances of A-V Nodal Transmission 
Records from isolated preparations of A-V 
nodal tissue of rabbit and dog heart have shown 
that most changes in conduction through the 








Figure 9 


Transmembrane agtion potentials recorded from 


single fibers of Purkinje system (upper record) 
and ventricle (lower record) in an isolated prepa- 
ration of canine heart. Time calibration between 
records shows intervals of 100 msec., vertical bar 
at left shows voltage calibration of 100 mv. Up- 
strokes of action potentials have been retouched 
with dashed lines. 


node and most instances of block are associ- 
ated with altered electrical activity of fibers 
at the atrionodal junction.?) 1* A typical ex- 
ample is the delay and block of nodal trans- 
mission caused by acetylcholine. Action po- 
tentials recorded from fibers in the lower node 
and bundle of His show only those changes 
that are produced by the acetylcholine-in- 
duced change in frequency.’ Transmembrane 
action potentials recorded from nodal fibers 
at the atrial margin, on the other hand, are 
profoundly altered. Under the influence of 
acetylcholine, the action-potential upstroke 
becomes slower and more notched, and the 
action potential decreases in amplitude (figs. 
5* and 6). Often it is replaced by 1 or more 
small depolarizations that vary in size and to 
a greater or lesser degree undergo temporal 
summation. Delay and failure of transmis- 
sion undoubtedly result from these changes ; 
however, the exact cause of the changes noted 
is less certain. 

During complete failure of A-V transmis- 


*Figure 5 reproduced from Cranefield et al.: 
Circulation Research 7: 19, 1959. By permission of 
the American Heart Association, Inc. 
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sion owing to acetylcholine, activity originat- 
ing in the bundle of His and propagating back 
to the same nodal fibers elicits an action po- 
tential of good amplitude (figs. 5 and 6). 
Moreover, the upstroke of this action potential 
often is free from slurring or notching even 
when these changes were prominent during 
normal A-V transmission. Although direct 
measurements of threshold are lacking, some 
estimate of the effect of acetylcholine on ex- 
citability of the nodal fibers can be obtained 
from an inspection of records similar to those 
in figure 6. The small depolarizations recorded 
during partial block show temporal summa- 
tion ; comparison of the level of depolarization 
caused by such summation, which is just suf- 
ficient to cause propagation through the node, 
with the level of membrane potential at which 
the action potential shows an abrupt transi- 
tion from slow to rapid depolarization sug- 
gests that the threshold potential is not much 
changed by acetylcholine. It does not increase 
the resting potential of fibers in the A-V node 
as it does in the sinoatrial node; this observa- 
tion at least does not give any positive sup- 
port to the possibility that acetylcholine causes 
block by decreasing membrane resistance of 
nodal fibers. The block caused by acetyl- 
choline thus appears to result from the failure 
of the fibers at the atrial margin of the node 
to develop an action potential, and this failure 
is associated in some way with asynchronous 
excitation of these fibers. Both the failure of 
excitation and the asynchronous excitation 
may be due to the action of acetylcholine on 
the atrial fibers at the atrionodal junction. 
Action potentials recorded from them are 
greatly decreased in amplitude during acetyl- 
choline-induced block. This may be caused 
by the effect of acetylcholine on potassium 
permeability which is known to occur in atrial 
muscle: a greatly enhanced K* efflux may 
partly cancel the depolarization caused by an 
inward Na* current.*° 

Disturbances of A-V transmission caused 
by premature atrial beats or a rapid atrial 
rate are associated with somewhat different 


changes in nodal action potentials. At the 
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Figure 10 a 











A and B. Transmembrane 
action potentials recorded 
isolated Purkinje- 
fiber—papillary-muscle prepa- 
ration of canine heart. Extra- 
systoles in the papillary mus- 
cle (lower trace) excite the 
Purkinje fiber at various 
levels of membrane potential 


from an 


during repolarization and elic- 


it either premature action 
potentials or local responses 
(last action potentials in B). 
C. Transmembrane action po- 
tentials recorded from an iso- 
lated preparation of canine 


Purkinje fibers. Marked pace- 
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maker activity has been induced by an excessive concentration of digitalis. Extrasystoles (arrows) caused 
by test pulses contrast markedly in terms of rate of rise and amplitude of the action potential with the 


action potentials of intrinsic origin. 


atrial margin of the node, the amplitude of 
the transmembrane action potential is reduced 
and the rate of depolarization is slowed (fig. 
7A). When these changes are extreme, records 
from fibers in the lower node may show a slow, 
steplike depolarization of considerable dura- 
tion preceding the local action potential (fig. 
7B). 


the graded steplike depolarization is recorded. 


During failure of transmission, only 


Block caused by agents such as digitalis or 
quinidine is associated with similar changes 
in nodal action potentials.° During block of 
retrograde impulses that reach the node, the 
failure of conduction most often is localized 
to the atrionodal junction. Also, action po- 
tentials recorded at different sites within the 
node are different during normal and retro- 
grade transmission ;!® the change is in the 
initial segment of the upstroke and probably 
is related to the anatomic arrangement of the 
various fibers. 
Delay and Block Within the Bundle of His and 
Bundle Branches 

Experimentally produced conduction dis- 
turbances within the bundle of His and bun- 
dle branches most often result from 2 factors: 
local differences in action-potential duration 
and/or the presence of slow diastolic depolari- 
zation associated with latent pacemaker ac- 
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tivity. In both cases the failure of normal 
conduction from the low 
membrane potential.” If the transmembrane 
potential is reduced, because of either incom- 
plete repolarization or local pacemaker ac- 
tivity, the rate of rise and amplitude of the 
action potential are decreased (fig. 8). The 
altered action potential may propagate at a 
reduced velocity or may constitute a purely 
local response. If the conduction 
velocity permits the adjacent membrane to 
repolarize completely, the slowing of conduc- 
tion may be localized to a small segment of 
the conducting system. If, on the other hand, 
slowing of conduction is caused by diastolic 
depolarization, adjacent areas of membrane 
will have reached still lower levels of mem- 
brane potential and decremental conduction 
and block may result. 


results directly 


reduced 


Block at the Junction of Purkinje Fibers with 
Ventricular Muscle 


During A-V transmission, block at the june- 
tion of Purkinje fibers with ventricular muscle 
fibers is unlikely for several reasons. The 
transition from the larger Purkinje fibers to 
the smaller muscle fibers is gradual, and thus 
there is not an abrupt increase in the area 
Also, the duration of 
the ventricular action potential is consider- 


of excitable membrane. 
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ably less than that of the Purkinje fibers in 
adult mammalian hearts (fig. 9). Hence the 
likelihood of a premature impulse reaching 
the ventricle before it is fully repolarized is 
reduced. However, premature depolarization 
of ventricular muscle may be delayed or 
blocked at the junction with the Purkinje 
system (fig. 10, A and B) and the impulse 
may propagate at reduced velocity for a con- 
siderable distance. Although a conclusive ex- 
perimental demonstration is lacking, it is like- 
ly that excitation may enter some branches 
of the Purkinje system and fail to enter 
others. Whether this would cause local re- 
excitation of the ventricle has not yet been 
determined. 


Supernormality 

The term ‘‘supernormality’’ is used with 2 
meanings in descriptions of cardiac excitabili- 
ty: it may refer to a reduced stimulus require- 
ment or it may refer to conduction that is 
either faster than expected or takes place 
under conditions that might be expected to 
cause block. The cause of both forms of super- 
normality is clear from studies of transmem- 
brane action potentials.?) 22 Enhanced excit- 
ability is found during the terminal phase of 
repolarization ; however, the action potential 
elicited at this time is reduced in amplitude 
and propagates slowly. A supernormal phase 
of conduction is observed in fibers which are 
partially depolarized or in which there is 
appreciable diastolic depolarization. In such 
fibers, membrane potential reaches its highest 
value just at the end of repolarization. An 
action potential elicited at this moment will 
show a higher rate of rise and greater ampli- 
tude than responses that occur later during 
the cardiac cycle (fig. 10B). Also, the larger 
action potentials will propagate more rapidly 
and will have a greater safety factor. 
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Calcium Movements in Muscle 


By C. Pau Bianca, PuH.D. 


The movements of calcium in muscle have been followed during contraction and contracture 


to test the hypothesis that the release of calcium from the surface of the muscle membrane 
during stimulation initiates the contractile mechanism. Nitrate ion increases the calcium 
influx during a single twitch and during potassium contracture, and also increases the 


tension developed. The increased entry of calcium during a potassium contracture is transient 


and not sustained as is the contracture. Caffeine, which brings about a contracture without 


depolarization of the membrane and despite the absence of calcium from the medium, causes 


ecaleium to be released from the muscle. 


HE PRESENT DISCUSSION of calci- 

um movements in muscle will deal with 
frog sartorius muscle. In the next paper, 
Dr. Winegrad will consider recent findings 
on heart muscle. 

Calcium has long been proposed as the 
link between membrane depolarization and 
contraction.'+ Of all the physiologic ions that 
have been injected in small quantities, ealci- 
um alone causes contraction.®» ® Sandow, in 
1952,? made a detailed correlation of the ki- 
netics of the sequence of excitatory and me- 
chanical events (fig. 1*). At 13 C. the rise 
time of the spike potential is 0.6 msec.; the 
time from the peak of the spike potential to 
the onset of latency relaxation is 1.2 msec.; 
and it is during these time intervals that the 
The time 
interval until the earliest sign of development 
of tension, the inflexion point of latency re- 
laxation, is 3.5 msec.; and the total time until 
the onset of tension above the initial tension 
is 5.4 msec. 


muscle is mechanically quiescent. 


At 25 C. the corresponding time 
intervals are approximately 0.2 msec., and 
2.5 msec. respectively. It is during the me- 
chanically quiescent period that 2 processes 
are occurring: (1) membrane depolarization, 
and (2) an intervening process between the 
peak of the action potential and the begin- 
ning of latency relaxation termed the ‘‘spike 
activation’’ link.2 The size of the spike po- 
tential appears to be unrelated to twitch ten- 
sion for anions that potentiate the twitch, 


From the Institute for Muscle Disease, New York, 
New York. 
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NOs, I, SCN, CHsSO,4 have been 
shown to have little effect on the spike.*: 7 8 
Hodgkin and Horowiez® have found agree- 
ment between the threshold of depolarization 
necessary for mechanical activity during K- 
contracture and the degree of depolarization 
necessary to initiate the spike potential, sug- 
gesting that it is the lowering of the mem- 
brane potential to a critical level, rather 
than the height of the spike potential, that is 
concerned in excitation-contraction coupling. 

Under physiologic 
ducted action potential of frog sartorius mus- 


e.g., Br, 


conditions, the eon- 


cle initiates a process whereby contraction 
occurs. Membrane depolarization itself is 
not the most intimate link in the process, for 
contraction can be brought about without de- 
polarization of the muscle membrane. Thus, 
caffeine can cause a contracture without any 
change occurring in the resting membrane 
potential.!° contracture 
can fail to occur, even though the muscle 
membrane is depolarized, if external calcium 
is removed.!! Csapo has shown that treatment 
of the turtle retractor penis muscle with Nal 


Potassium-induced 


can bring about greater tension development 
with smaller membrane depolarization.” 
Hodgkin and Horowiez have demonstrated 
that replacement of Cl with NOs can lower 
the threshold of membrane’ depolarization 
necessary to bring about a contraction.’ All 
of these findings point to another intervening 
process between membrane depolarization and 
the initiation of mechanical activity. 
Studies on calcium movements in muscle 





*Figure 1 from Sandow: Yale J. Biol. & Med. 
25: 176, 1952.° By permission of the journal. 
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CALCIUM MOVEMENTS IN MUSCLE 
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Figure 1 
Temporal correlation of excitation and mechanical 
events during latent period of frog 
muscle at 13 C 
Sandow.* ) 


sartorius 
according to Sandow. (From 


conducted by Shanes and Bianchi provide 
evidence that an increase in calcium influx 
during depolarization by an action potential, 
or by an increase in extracellular K, is part 
of the intermediate process between events in 
the muscle membrane and mechanical activity 
of the contractile proteins. Table 1 shows 
that calcium influx in unstimulated muscle 
is 0.094 micromicromoles/em.*see. Stimulation 
of the muscle causes additional calcium to 
enter the muscle, which amounts to 0.2 micro- 
micromoles/em.” twitch. If one assumes that 
calcium enters the muscle fibers at a high rate 
immediately upon depolarization and con- 
tinues to enter during the period of mechan- 
ical quiescence (1.0 msec. at 25 C.), then the 
resting influx rate of caleium would have 
increased from 0.1 micromicromoles/em. see. 
to 200 micromicromole/cm.? sec., an increase 
of approximately 2,000. If the calcium were 
considered to enter during the period from 
membrane depolarization to the appearance 
of initial tension development (2.5 msec.), 
then the increase would still be 800-fold. 
The amount of calcium entering per twitch 
and the twitch height is increased 60 per cent 
by replacing the chloride of Ringer’s solution 
with nitrate. Under these conditions, nitrate 
has no effect on the unstimulated influx of 
calcium, showing that nitrate affects only the 
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Figure 2 
The effect of edathamil (EDTA) and caffeine on 
the washout of Ca‘® from a muscle previously 
soaked for 5 hours in Ca*> Ringer’s solution. 
At 100 minutes 0.004 M EDTA is added to the 
medium, bathing both C and C’. An immediate 
increase in Ca‘ release occurs, which tapers off 
after 140 minutes. At 180 minutes, 0.005 M 
caffeine is added to muscle C’, causing a sustained 
increase in the release of Ca** from the muscle. 


calcium entering during a twitch. Nitrate has 
been shown to prolong the active state,!* 1: 16 
which would account for the increased twitch 
height that is observed in nitrate Ringer’s 
solution. A transitory increase in the ionized 
calcium level of the muscle fibers, brought 
about by the increased amount of calcium 
entering per twitch, could account for the 
prolongation of the active state. In keeping 
with this hypothesis, superficial muscle-fiber 
sites have been shown to bind about 0.1 micro- 
mole/Gm. of calcium in nitrate Ringer’s solu- 
tion.'* The increased binding of calcium and 
the increased influx during stimulation are in 
agreement with the suggestion of Shanes? 
that the enhancement of the twitch height 
when other halogens or nitrate replaces chlo- 
ride may be due to an improved binding of 





Calcium Influx in Frog Sartorius Muscle 


Conditions 


Unstimulated 

Ringer’s solution 

Ringer’s nitrate solution 
Stimulated 

Ringer’s solution 

Ringer’s nitrate solution 
Ringer’s solution + 20 mM KCl 


Ringer’s solution + 80 mM KCl (after relaxation) 
Ringer’s solution + 80 mM KCI (initial depolarization ) 38 


Ringer’s nitrate solution + 80 mM KNOs 


Table 1 


BIANCHI 


Influx 


0.094 uumole/em.’ sec. 
0.108 uumole/em.? sec. 


0.20 puumole/em.* twitch 
0.32 uumole/em.? twitch 
0.124 uumole/em.’ see. 
0.056 xumole/em.’ sec. 
Hemole/em.* 

60 pwemole/em.* 





calcium to the membrane, which in turn con- 
tributes to enhanced entry of calcium during 
stimulation. 

Depolarization of the sartorius muscle by 
20 mM K, a level just below the threshold for 
contracture, leads to a sustained increase in 
ealecium influx (table 1). Calcium influx 
measured in the presence of 80 mM K, after 
relaxation from the induced contracture, is 
smaller than calcium influx in 20 mM K, and 
almost equal to influx in unstimulated muscle. 
The entry during initial depolarization in 80 
mM K amounts to 38 micromicromole/em.?.'® 
The presence of nitrate increases the amount 
to 60 micromicromole/cm.”, which is in keep- 
ing with the potentiated contracture that is 
observed.’® The large transient increase in 
calcium influx during initial depolarization 
is consistent with the rapid increase in ten- 
sion during the first second of KCl contrac- 
ture observed by Hodgkin and Horowicz.* 
The relaxation of the phasic muscle during 
maintained KCl depolarization can be in- 
terpreted as a failure to sustain the high rate 
of calcium influx. Shanes*® has shown that a 
high rate of calcium entry persists in the 
slow fibers of the frog rectus abdominis, along 
with the sustained potassium contracture. 
Thus, in fast fibers both the increased influx 
of calcium and the contracture are transient 
during K depolarization, whereas both are 
sustained in slow fibers during K depolariza- 
tion. 

Contracture brought about by caffeine has 
important differences from potassium-induced 
contracture. Potassium contracture is not 


sustained and is associated with a transitory 
increase in calcium influx during the initial 


membrane depolarization. Removal of ex- 
ternal calcium prevents potassium contrac- 
ture.!! In contrast, caffeine causes a sustained 
contracture in frog sartorius without mem- 
brane depolarization and in the complete 
absence of external calcium. The site of caf- 
feine action is on the membrane. Axelsson 
and Thesleff?® have shown that only caffeine 
applied externally to the membrane results 
in a contracture, while caffeine applied by in- 
jection to the muscle interior is without effect. 
It has also been shown that caffeine markedly 
increases calcium outflux and influx.'* Fig- 
ure 2 shows that even after prior treat- 
ment of frog sartorius muscle with edathamil 
(EDTA), which can remove some superficial, 
bound calcium as well as calcium in solution, 
caffeine causes a marked increase in calcium 
outflux, suggesting that caffeine can bring 
about the release of calcium from membrane 
sites and perhaps sarcoplasmic reticulum 
sites, which in turn results in contracture. 
The increased calcium outflux may therefore 
reflect the freeing of bound calcium, which 
would raise the intracellular calcium ion con- 
tent and thus induce contracture without the 
necessity of external calcium or a membrane 
depolarization. 

The release of calcium during stimulation 
has been observed by Woodward?! and con- 
firmed by Shanes and Bianchi.2? Figure 3 
clearly demonstrates the release of calcium 
during tetanic stimulation. Potassium con- 
tractures, both isotonic and isometric, in- 
crease calcium outflux (fig. 4). The increased 
outflux during tetanic stimulation is not sus- 
tained and the minimum calcium released per 
twitch is about the same as the amount taken 
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CALCIUM MOVEMENTS IN MUSCLE 


up per twitch: viz., 0.2 micromicromole/ 
em.?.7? 

Potassium contracture results in a rapid 
release of calcium, which is at about double 
the base line rate even after 10 minutes (fig. 
4). The inereased influx and outflux of cal- 
cium in frog sartorius observed with tetanic 
stimulation or potassium contracture may 
reflect the same basic process, such as freeing 
of calcium from the surface, supported by 
the rapid release of calcium during tetanic 
stimulation. Two other possible explanations 
for the increased influx and outflux are: 
(1) a spatial separation in which different 
sites of the membrane involve calcium influx 
and outflux, and (2) a temporal separation 
of the two fluxes. 

From the foregoing, it is evident that 
calcium influx into the muscle fiber is re- 
lated to mechanical activity in 2 ways. The 
enhanced twitch height and contracture in 
nitrate Ringer’s solution is correlated with a 
larger influx of calcium, and there is a tem- 
poral relationship between the duration of 
increased calcium influx and of mechanical 
activity. Potassium contractures and a high 
rate of calcium influx are transitory in phasic 
muscles, while in slow fibers potassium con- 
tractures are sustained as is the high rate 
of calcium influx. The manner in which 
calcium brings about activation of the con- 
tractile mechanism is still unknown, although 
from experiments on model systems there ap- 
pear to be 2 possible modes of action. One 
would be the inhibition of the relaxing factor 
system, thus allowing contraction to take 
place, with relaxation occurring as the ionized 
calcium is removed; the other would be by a 
direct action of calcium on actomyosin. 
Weber** has shown that calcium in a con- 
centration of 10-* M, which would be equiva- 
lent to 5 X 10° M ionized calcium, gives a 
maximum activation of the highly purified 
actomyosin ATPase system and also maxi- 
mum superprecipitation of actomyosin with 
2mM Mg ATP. In the absence of added 
calcium, no superprecipitation could be meas- 
ured, and the ATPase activity was reduced to 
20 per cent of the maximum activity. There 
is, however, a large discrepancy between the 
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Figure 3 


The release of Ca‘* during a brief tetanic stimu- 
lation from frog sartorius muscle that has been 
previously soaked in Ca‘*® Ringer’s solution. 
Sample collections of the medium bathing the 
muscle were made at minute intervals in order to 
obtain the true time course of calcium release. 


amount of calcium needed for either inhibi- 
tion of the relaxing factor system or activa- 
tion of the actomyosin ATPase system. If 
the calcium entering per twitch (0.2 micro- 
micromole/cm.”) were uniformly distributed 
in the muscle fiber water, then the final con- 
centration of ionized calcium would be 107 
M, which is too small a concentration by a 
factor of 100 for both the relaxing factor 
system and the actomyosin ATPase. The dis- 
erepancy is still larger when the number 
of calcium ions that enter in relation to the 
actomyosin concentration of muscle is con- 
sidered. If one estimates 100 mg. of actomyo- 
sin for every gram wet weight of muscle and 
a molecular weight of 500,000, then the acto- 
myosin concentration of frog muscle would 
be approximately 2 X 10* M, as compared 
to 1077 M for calcium. Much more ionized 
calcium would be needed than can be ac- 
counted for by the calcium entering per 
twitch, suggesting perhaps that the initial 
entry of calcium from the membrane can 
bring about a further release of calcium from 
binding sites localized in the sarcoplasmic 
reticulum. 
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Comparison of the time course of calcium release 
during isotonic (A) and isometric (B) contrac- 
ture. The calcium released is plotted as a rate 
coefficient, i.e., the percentage of the exchangeable 
calcium in the muscle being released during the 
2-minute collection intervals. The contracture 
occurs when 80 mM KNO, is added to the NO, 
Ringer’s solution. 


Thus, calcium influx is markedly increased 
during a muscle twitch and potassium con- 
tracture in frog sartorius muscle. Nitrate 
ion, which potentiates both the twitch and 
contracture, increases the 
entry of calcium under these conditions. The 
caffeine-induced contracture 


potassium also 
may be ac- 
counted for by an increase in the ionized 
calcium level in the muscle fiber brought 
about by a direct action of caffeine on ecal- 
cium-binding sites in the membrane and per- 
haps located in the 
reticulum. 


those sarcoplasmic 


References 


1. Hemprunn, L. V.: An Outline of General 
Physiology. Ed. 3. Philadelphia, W. B. 
Saunders Company, 1952. 

2. Sanpow, A.: Excitation-contraction coupling in 
muscular response. Yale J. Biol. Med. 25: 176, 
1952. 

3. Borts, J.: Triggering of contraction in skeletal 
muscle. In Physiological Triggers. Edited by 
T. H. Bullock. Washington, D. C., American 
Physiological Society, 1957. 

4. SHANES, A. M.: Electrochemical 
physiological and pharmacological action on 
excitable cells II. Pharmacol. Rev. 10: 165, 
1958. 


aspects of 


10. 


11. 


16. 


19. 


20. 


BIANCHI 


HEILBRUNN, L. V., AND WIERCINSKI, F. Y.: The 
action of various cations on muscle proto- 
Cell. & Comp. Physiol. 29: 15, 1947. 
NIEDERGERKE, R.: 
intracellularly 
128: 12P, 1955. 
LuBin, M.: The effect of iodide and thiocyanate 
ions on the mechanical and electrical properties 
Cell. & Comp. Physiol. 49: 


plasm. J. 
Local muscular shortening by 
J. Physiol. 


applied calcium. 


of frog muscle. J. 
335, 1957. 
Hutter, O. 
conductance of frog 
Physiol. 151: 89, 1960. 
HODGKIN, A. 


F., AND NoBLE, D.: The chloride 


skeletal musele. J, 

L., AND Horowicz, P.: Potassium 
contractures in single muscle fibers. J. Physiol. 
153: 386, 1960. 

AXELSSON, J., AND THESLEFF, S.: Activation 

of the contractile mechanism in striated musele. 

Acta physiol. seandinay. 44: 55, 1958. 

FrANK, G. B.: Effects of changes in extracellular 
calcium concentration on the potassium-induced 
contracture of frog’s skeletal muscle. J. 
Physiol. 151: 518, 1960. 

Csapo, A.: Studies on excitation-contraction 
coupling. Ann. New York Aead. Se. 81: 453, 
1959. 

Hopekin, A. L., AND Horowicz, P.: The effect 
of nitrate and other anions on the mechanical 
response of single muscle fibers. J. Physiol. 
153: 404, 1960. 

KAHN, A. J 
of muscular contraction by nitrate-ion. Science 
112: 647, 1950. 

Hitz, A. V., AND MACPHERSON, L.: The effect of 
certain anions on the duration of the active 
state in skeletal muscle. J. Physiol. 125: 17P, 
1954. 

RircHliz£, J. M.: The effect of nitrate on the 

Physiol. 126: 155, 


AND Sanpbow, A.: The potentiation 


active state of muscle. J. 
1954. 

BIANCHI, C. P., AND SHANES, A. M.: The effect 
of the 
radiocalcium from tendon and from sartorius 

Cell. & Comp. Physiol. In press. 

BIANCHI, C. P.: Effect of caffeine on radiocalcium 
movement in frog sartorius musele. J. Gen. 
Physiol. 44: 845, 1961. 

Sanpow, A.: Contracture responses of skeletal 
muscles. Am. J. Physical Med. 34: 145, 1955. 

SHANES, A. M.: Personal Communication, 1960. 


ionic milieu on the emergence of 


musele. J. 


Woopwarp, A. A., Jr.: The release of radio- 
active Ca*® from muscle contraction. 
Biol. Bull. 97: 264, 1949. 

SHanes, A. M., AND BIANCHI, C. P.: Radio- 


ealeium release by stimulated and potassium 


during 


treated sartorius muscles of the frog. J. Gen. 
Physiol. 43: 481, 1960. 
WEBER, A.: 


Personal Communication, 1960. 


Circulation, Volume XXIV, August 1961 








———$—$$$—$_— LETTS EN EERSTE EST 


en 








et 
of 
us 
ss. 
im 


eh. 


lio- 
jum 


rel. 





oom 


TT 


The Possible Role of Calcium in Excitation-Contraction 


Coupling of Heart Muscle 


By Saut WINeEaRAD, M.D. 


The transfer of Ca* at rest and during contraction has been measured in isolated guinea-pig 
atria. During contraction, the rate of transfer increases considerably. The inerement in 
the uptake of calcium by the cells of the atria during contraction is closely correlated with 
the strength of contraction. This relationship is maintained at different frequencies of stimu- 
lation and at different concentrations of external caleium. 


HE IMPORTANCE of calcium in the 
ae of heart muscle has been 
known since the experiments of Ringer.! 
Early work? * focused primarily on the de- 
pendence of the strength of contraction on 
the concentration of calcium ions in the bath- 
ing solution. More recently an antagonism 
between sodium and calcium ions at the cell 
surface has been inferred from the observa- 
tion that the effects of a decrease in extra- 
cellular sodium concentration and an increase 
in extracellular concentration on 
twitch tension are similar.t The observation 
that withdrawal of ions from the 
bathing solution caused rapid disappearance 
of mechanical but not of electrical activity 
of isolated heart muscle implicated the cal- 
cium ion as the excitation-contraction link.® 


calcium 


caleium 


In a series of studies on frog ventricular 
strips, Niedergerke and Liittgau® showed that 
changes in external sodium and ecaleium con- 
centrations very rapidly altered the charac- 
teristics of potassium-induced contracture and 
that these changes in contracture tension could 
be produced even after the initial potassium 
depolarization was complete. Figures 1 to 
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The results deseribed here were first presented by 
the author at the Fall Meetings, American Physiologi- 
cal Society, 1960 (Winegrad, S.: Physiologist 3: 179, 
1960) and are to be presented in detail (Winegrad, 
S., and Shanes, A. M.: Caleium transfer and con- 
tractility in guinea pig atria. In preparation.). 
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3* are taken from the work of Niedergerke,* 
and Niedergerke and Liittgau.6 Figure la 
and b shows the effect of replacement of 
sodium in the bathing solution at the begin- 
ning of a potassium-induced contracture. In 
figure 2at the ventricle was depolarized by 
100 mM potassium in the presence of 10 mM 
calcium, while in figure 2b the initial depolari- 
zation occurred in 0 Ca, 100 mM potassium 
but after 90 seconds the solution was changed 
to one containing 10 mM Ca, 100 mM potas- 
sium. The effect of the calcium is clearly 
not limited to processes accompanying de- 
polarization. Similarly the effect of decreased 
sodium concentration can occur after depolari- 
zation (fig. 3). Electrical measurements elim- 
inated increased depolarization as an explana- 
tion for the increases in tension seen with 
elevated calcium or depressed sodium con- 
centrations.® 

By use of radioisotopes, Niedergerke and 
Harris® demonstrated that the changes in 
extracellular sodium and potassium concen- 
tration associated with increased twitch ten- 
sion were accompanied by increased uptake 
of Ca* by the resting tissue (fig. 4¢) and by 
the tissue in potassium-contracture’® (fig. 5§). 





" *Figures 1 and 3 are reproduced from Niedergerke 
and Liittgau: Nature 179: 1066, 1957.° By permission 
of the author and Nature. 

1Figure 2 reproduced from Niedergerke: J. Physiol. 
134: 584, 1956." By permission of the author and the 
Journal of Physiology. 

tFigure 4 reproduced from Niedergerke and Har- 
ris: Nature 179: 1068, 1958.° By permission of the 
authors and Nature. 

§Figure 5 reproduced from Niedergerke: Experien- 
tia 15: 128, 1959."° By permission of the author and 
Experientia. 
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Figure 1 
Dependence of contracture on sodium chloride 
concentration. Contractures always induced after 
a 30-min. period of equilibration in Ringer’s fluid 
during which strip was stimulated at a constant 
rate. Ringer's fluid and potassium-rich solutions 
contained 0.5 mM calcium chloride throughout 
the experiment. Diameter of strip: 0.35 mm. 
(a) Contracture in the presence of 100 per cent 
sodium chloride induced by adding 100 mM 
potassium chloride to Ringer’s fluid. (b) Con- 
tracture induced by adding 100 mM potassium 
chloride and simultaneously replacing the sodium 
chloride content of Ringer’s fluid by sucrose. 
(From Niedergerke and Liittgau.®) 


These studies dealt primarily with rapid 
changes in calcium transfer; a distinction be- 
tween changes occurring at the ‘‘cell surface’’ 
and in the ‘‘cell interior’’ based on a differ- 
ence in time constants of calcium transfer 
was not clear. 

The demonstration by Bianchi and Shanes" 
of an increased uptake of calcium during 
contraction of skeletal muscle fibers added 
substantially to the data implicating calcium 
as the excitation-contraction link. To test the 
possibility that excitation in myocardial cells 
is coupled with contraction by a movement 
of calcium into the cell during depolarization, 
a series of experiments comparing calcium 
uptake by guinea-pig atria at rest and under 
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Figure 2 


Effect of Ca on a depolarized strip, diam. 1.1 
mm. In both records, upper traces, tensions; lower 
traces, depolarizations. The records started after 
soaking the strip in Ca-free Ringer’s solution for 
10 min. (a) Application of 10 mM Ca 100 mM KCl 
solution; (b) application, initially, of a Ca-free 
100 mM KCl solution; 90 sec. later, 10 mM Ca 
was added to this solution, causing an immediate 
rise of tension. (From Niedergerke.’ ) 


several different conditions of contraction was 
conducted. Radioisotope technics similar to 
those of Bianchi and Shanes" were used. 
Tensions were measured with conventional 
strain gauges. Left atrial appendages from 
young guinea pigs were used because the 
tissues are thin, stable over long periods of 
time, and devoid of spontaneous rhythm. 
Calcium influx was determined by soaking 
the atria for 15 minutes in Ca* solution and 
measuring the amount of Ca* remaining in 
the tissue after the extracellular and loosely 
bound surface Ca*® had been washed out in 
nonisotopic solution. A correction was made 
for the intracellular Ca*® lost during the 
washout. To eliminate the error introduced 
by the presence of damaged tissue, the edges 
of the atria cut during dissection were re- 
moved from the undamaged tissue at the 
end of the experiment and their radio- 
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CALCIUM IN CARDIAC EXCITATION-CONTRACTION COUPLING 


Table 1 
Relationship of Ca4* Uptake to Twitch Tension 








: oe . ~~ 

on & Ow as 3 
8 2 es Es 5. 
Le 3 < a2 
Se a3 26 2s z% 
1.25 15 37 + 15 89 + 9 5 
2.50 6 30+ 9 38+ 5 6 
2.50 15 92+ 15 86 +9 14 
2.50 30 100 + 14 100 9 
3.75 6 57 + 29 58 + 2 4 
3.75 15 106 + 14 105 + 6 11 





*Values + 1 standard error of mean. 


activity counted separately. The effect of con- 
traction on influx was measured by stimulat- 
ing the muscles during the last 10 of the 15 
minutes in Ca**-Krebs solution and caleulat- 
ing the difference in Ca** content between the 
stimulated and unstimulated muscles. 

The resting influx at external calcium con- 
centrations of 1.25 mM, 2.50 mM, and 3.75 
mM was 0.008 + 0.0010, 0.014 + 0.0012, and 
0.022 + 0.0046 micromicromole/em.’see. In 
figure 6 the influxes are plotted against the 
external calcium concentration. The data can 
be best approximated by a straight line that, 
when extrapolated, misses the origin by a 
statistically insignificant amount. It would 
appear, therefore, that in the resting muscle 
cell, influx of calcium is a function of the 
external calcium’ concentration. The resting 
outflux, in 2.5 mM ealcium, ealeulated by 
standard desaturation studies, was approxi- 
mately equal to the influx, suggesting that in 
the resting atria no net movement of calcium 
was occurring. 

When the atria contracted, the calcium 
influx increased considerably; the total eal- 
cium*® content of the stimulated tissue at 
the end of the experiment rose to as much as 
15 times that of the resting controls. Under 
these circumstances the increment in calcium 
influx associated with each beat was 0.57 
micromicromole/em.? surface area. Contrac- 
tion was not accompanied by an increase in 
calcium uptake by the cut edges of the tissue, 
which themselves did not contract. 

It was of interest to determine whether 
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Figure 3 

Reversibility and specificity of the action of 
sodium ions. Ringers fluid and potassium-rich 
solutions contained 2 mM calcium chloride through- 
out the experiment. Diameter of strip, 0.45 mm. 
(1) Contracture induced by adding 100 mM 
potassium chloride to Ringer’s fluid and simul- 
taneously replacing sodium chloride iso-osmotically 
with sucrose; (2) reapplication of sodium chloride ; 
(3) replacement of sodium chloride by sucrose. 
(From Niedergerke and Liittgau.® ) 


any correlation existed between the size of 
the calcium influx per beat and the twitch 
tension. Table 1 consists of the results of 
experiments performed to study the effect of 
different external calcium concentrations and 
different frequencies of contraction on both 
the calcium uptake and the strength of con- 
traction. Calcium uptake per beat and twitch 
tension for each condition are expressed in 
per cent relative to the values at a contrac- 
tion frequency of 30/min. in 2.5 mM calcium, 
the latter having been arbitrarily assigned a 
value of 100 per cent. 

The uptake per beat of atria contracting 
at 6/min. in 2.50 mM ealcium is 30 per cent 
of that of the atria beating at 30/min. 
(p<0.05). The percentage increase in uptake 
per beat associated with this change in the 
rate of contraction does not differ significantly 
from the percentage increase in twitch ten- 
sion. When the frequency is changed from 
15/min. to 30/min., no significant increase 
in either twitch tension or uptake per beat 
occurs. Thus, in these experiments, both cal- 
cium influx and contractility apparently ex- 
hibit parallel saturation properties. 

Muscles stimulated at 15/min. in 1.25 mM 





Relative tracer (strontium) 
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Figure 4 

The effect of replacing the sodium chloride of 
Ringer’s fluid by sucrose on the uptake of stron- 
tium-89 tracer in heart tissue. Relative amounts 
of strontium-89 tracer in a ventricle strip during 
exposure to tracer solutions which contained either 
112.5 mM sodium chloride or 5 mM_ sodium 
chloride + 202 mM sucrose. The two solutions 
had identical concentrations of potassium chloride 
(2 mM) and of tracer Sr’9Ca (1 mM) mizture. 
Vertical bars indicate standard error of the 
measurement of radioactivity. Sr89 is used as an 
indicator of Ca movement. (From Niedergerke 
and Harris. ) 


calcium contract about as vigorously as the 
atria beating at 6/min. in 2.50 mM calcium. 
Despite the fact that two important condi- 
tions have been changed in opposite direc- 
tions, the relative uptake per beat and rela- 
tive tension are still closely correlated. An 
increase in external calcium concentration 
from 1.25 mM to 3.75 mM increases twitch 
tension almost 3-fold (p<0.05), and calcium 
uptake per beat is increased proportionately. 
An increase in the calcium concentration from 
2.5 mM to 3.75 mM is associated with propor- 
tionately smaller inereases in uptake and 
twitch tension, but in this comparison both 


changes are of questionable significance. 
When a plot is made of relative twitch ten- 
sion vs. relative uptake per beat using all the 
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data obtained from different external cal- 
cium concentrations and different rates of 
stimulation (fig. 7), a consistent correlation 
between the 2 parameters exists. A straight 
line closely fits the data and its failure to 
pass through the origin is not statistically 
significant. 

These data demonstrating the increment in 
calcium influx associated with contraction are 
consistent with the hypothesis that calcium 
movement into the cell with depolarization 
couples excitation with contraction. They sug- 
gest, also, that such a link is a factor in 
determining the strength of the twitch. 

In an analysis of the increment of calcium 
influx associated with contraction one may 
consider: (1) the source of this calcium; 
(2) the mechanism by which it enters the 
cell; (3) the time in the cardiac cycle during 
which the added calcium enters the cell; and 
(4) the possible mode of action inside the 
cell. Niedergerke’s data® !°!" suggest that 
superficial sites in the resting cell bind eal- 
cium and that certain changes in the com- 
position of bathing solution which produce 
increased twitch tension are associated with 
greater binding of calcium by the resting 
tissue. Moreover, experiments already men- 
tioned show that similar changes in the 
composition of the bathing solution during a 
maintained potassium depolarization are rap- 
idly followed by changes in contracture ten- 
sion. An additional pertinent observation is 
that of Weidmann,!* who demonstrated in 
turtle ventricle that a sudden increase in the 
concentration of calcium in the extracellular 
space during the initial stages of a twitch 
produced a more rapid rate of tension devel- 
opment and a greater peak tension than oc- 
curred at the lower calcium concentration. In 
addition, the increase in calcium conecentra- 
tion was accompanied by a shortening of the 
action potential. A hypothesis that incorpo- 
rates these data with the observed correlation 
between the rate of calcium influx during a 
contraction and the size of the contraction 
would be the following: the calcium that 
enters the cell with contraction comes from 
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Figure 5 
Effect of K-depolarization of Ca uptake of frog 
strips. The difference between the 
lower two curves shows additional Ca uptake due 
to 100 mM KCl Na-Ringer. Upper curve shows 
Ca uptake in absence of Na but with additional 
100 mM KCl. Hollow circle and double circle 
represent two experiments showing Ca uptake in 
Ringer’s solution made hypertonic by added 180 
added 100 mM LiCl. (From 


ventricular 


mM sucrose or 
Niedergerke.?) 


superficial sites and from the extracellular 
fluid; the calcium that enters the cell from 
the extracellular fluid during depolarization 
passes through the same superficial sites to 
which calcium was bound in the resting state. 

Weidmann’s data!® suggest that the inere- 
ment in calcium influx occurs during the 
depolarization. In support of this conelu- 
sion are the observations that the increased 
heart rate is associated with a shorter dias- 
tole, a shorter action potential but an increas- 
ed calcium influx per beat, and an increased 
rate of rise of tension during the twitch.'4-16 
If the influx of calcium is quantitatively re- 
lated to twitch tension, it might be expected 


Circulation, Volume XXIV, August 1961 


COUPLING 








| | ; | 


1.25 2.50 3.75 
CALCIUM CONCENTRATION mht 
Figure 6 


Calcium uptake of resting guinea-pig atrial 
appendage is plotted against extracellular calcium 


concentration. 


that a greater increment during a shorter 
action potential would produce a more rapid 
rise in tension. If the added calcium does en- 
ter the cell during the action potential (meas- 
ured to be 150 mseec.), then calcium influx 
during depolarization may exceed resting in- 
flux by as much as 250-fold. 

Certain possible relations of the calcium 
influx to contraction became apparent with 
a quantitative consideration of the data. If 
the molecular weight of myosin is about 
500,000,17 and its concentration in heart mus- 
cle is equal to that in skeletal muscle (taken 
to be 7.6 per cent of wet weight!*) then each 
eram of heart contains 1.5 x 10-* mmoles of 
this protein. The maximum increment in eal- 
cium influx measured in these experiments 
was 0.6 X 10° mmoles/Gm. The ratio of the 
number of calcium ions entering the eell 
during contraction to the number of myosin 
molecules already present is about 1/250. A 
similar ratio results if a comparison is made 
of the calcium influx to the amount of actin 
or tropomyosin in the muscle (again assum- 
ing that the concentration of actin and tropo- 
myosin in heart muscle is similar to that in 
skeletal muscle). It is unlikely that only 0.4 
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Figure 7 
The relative calcium uptake per beat of guinea- 
pig left atrial appendages contracting at 6/min., 
15/min., 30/min. in 1.25 mM, 2.50 mM, and 3.75 
mM Ca-Krebs solution is plotted against the 
relative twitch tension produced. All values are 
expressed relative to calcium uptake and twitch 
tension at 30/min. in 2.5 mM Ca-—Krebs solution. 


per cent of the contractile protein is shorten- 
ing during the strongest contractions of the 
isolated atrium. Therefore, if calcium does 
initiate the contraction, each ion must ulti- 
mately have an effect on many actin-myosin 
units. One of the reactions in the contractile 
process, though not necessarily the one involv- 
ing calcium, must involve either a chain re- 
action or the interaction of 1 molecule or ion 
with as many as 250 molecules or units. The 
latter could occur by an enzymatic reaction 
or by a specific type of molecular alignment 
in which one molecule is in close association 
with many contractile units. 

With respect to this quantitative relation- 
ship of calcium taken up during contraction 
to actomyosin, it is interesting to note the 
calculation of H. E. Huxley’® that each thick 
filament in skeletal muscle contains about 
400 myosin molecules. If a similar condition 
exists in the heart, the ratio of calcium ions 
taken up in a maximal contraction to the 
number of thick filaments is 1.6:1. 

If the calcium that enters the cell with 
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contraction is assumed to achieve immediate 
uniform distribution in the cell water, the 
concentration would be 1.2 xX 10% M. Any 
non-uniform distribution would produce re- 
gions within the cell of higher ‘‘calcium con- 
centrations.’’ This value of ionized calcium 
inhibits the relaxing-factor activity in vitro.!® 
Ebashi has further shown that the relaxing- 
factor system binds calcium tightly and that 
procedures which decrease calcium binding 
proportionately decrease relaxation activity. 
He has demonstrated that other calcium 
chelating agents have relaxation activity pro- 
portionate to their ability to chelate caleium.”° 
It is possible therefore that the calcium that 
enters the cell during excitation inhibits the 
relaxing system and thereby initiates contrac- 
tion, or that it activates contraction, relaxa- 
tion occurring by the removal of the calcium 
by the relaxing system. 
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Cardiae Active Principles in Blood Plasma 


By SterHan Haspu, M.D., anp Epwarp Lreonarp, M.D. 


A study of isolated frog hearts suggests that the amphibian heart is provided normally 
with a substance that maintains contractility and that disappears slowly from the heart 
during perfusion with saline solution. A search for substances that might fulfill this role in 
the frog heart has led to the isolation of many materials that have some degree of cardio- 


tonic activity, but no conelusion can yet be reached about which, if any, of these substances 
is present in the intact frog heart. The search has led, however, to the discovery of 2 
substanees of mammalian origin that are as potent as the eardiae glycosides with respect 
to their inotropic action on frog heart. One of these is a phospholipid called lysolecithin, 
the other is a system of 3 plasma globulins ealled ‘‘cardioglobulin A, B, and C.’’ The 
concentration of cardioglobulin C in man is increased in essential hypertension and aortic 
stenosis, 2 unrelated conditions that have in common the development of increased left 
ventricular isometric tension in systole. Conversely, cardioglobulin C is decreased in a group of 
patients with idiopathic congestive heart failure. The discovery of these substances is relevant 
to the question whether isolated mammalian cardiac tissue becomes hypodynamie in physiologic 
saline because of the loss of a system that helps maintain normal myocardial contractility. 
We have noted that most of the studies on isolated strips of mammalian cardiac tissue 
fail to answer this question, since the strips were probably hypodynamie because of impaired 
oxygenation or nonphysiologie saline media. Studies from our laboratory indicate that a slow 
decline in contractility on prolonged washing does occur in isolated mammalian heart 
tissue, despite good oxygenation and a normal environment with respect to inorganic ions. 
This can be prevented or reversed by perfusion with mammalian plasma. Along similar lines, 
it is of interest that, although the decline of performance characteristics of in situ mammalian 
hearts may be due to many factors, the decline can be prevented by perfusing the coronary 
system of the in situ heart with blood from a healthy donor animal. The problem, then, 
has 2 aspects. On the one hand, we must discover the physiologic significance of the potent 
glycoside-like substances already isolated from mammalian tissue; on the other, we must 
investigate the beneficial effects of plasma on heart strips or of donor dog blood on in situ 
hearts. Do these actions oceur because of an effect on myocardial metabolism or do they 
come about because of a plasma substance that enhances myocardial contractility directly? 


het VARIETY of experience has led 
to the conclusion that blood plasma has 
a beneficial effect on cardiac contractility. 
Thus, cardiac function declines when hearts 
are bathed in artificial saline media and im- 
proves when fresh whole blood or plasma is 
added. This effect was first noted by Ringer 
in 1885. Recent interest in this phenomenon 
stems from two different lines of interest. On 
the one hand, now that much information has 
been obtained about the contractile protein 
of muscle and about the metabolic events that 
yield energy for contraction, it is appropriate 
to consider the problem of how the force of 
muscle contraction is regulated. The same 
question about the regulation of muscular 
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contraction presses to the fore in the field of 
cardiovascular research. We may mention as 
examples the abnormal increase in arteriolar 
tone in essential hypertension, the congestive 
heart failure that occurs in a number of pa- 
tients in the absence of any known structural 
or inflammatory disease of the myocardium, 
and the cardiovascular collapse that often 
supervenes in patients subjected to a pro- 
longed period of extracorporeal circulation. 
All these instances are characterized by ab- 
normalities of involuntary muscle function, 
despite the absence of any gross anatomic or 
metabolic defects that might be invoked as 
causes of the disturbance. In this lecture we 
will review some experimental situations in 
which alterations in cardiae function might 
be due to the addition or depletion of cardiac 
active substances of biologic origin. 
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We shall begin with the isolated amphibian 
heart. The decline of myocardial contractility 


that occurs when hearts are bathed in arti- 
ficial media was studied in detail by A. J. 
Clark in 1913;° he said that ‘‘excised frog 
hearts after perfusion for a few hours pass 
into a hypodynamiec state in which both the 
force of contraction and the rate of condue- 
tion are markedly impaired.’’ He concluded 
that the development of a hypodynamie state 
was associated with the loss of some essential 
substance from the frog heart, which was 
washed away slowly by prolonged contact with 
large volumes of saline solution. 

There are several features about the hypo- 
dynamic heart that we would now like to 
enumerate. First, we may note that, imme- 
diately following excision and immersion in 
saline, a slow decline in contractility begins 
that continues steadily for a number of hours. 
The rate of decline depends to some extent 
on the thoroughness of the washing, that is 
to say, on the volume of perfusing solution 
and frequency of exchange. The first signs 
of the decline cannot be detected at high rates 
of stimulation but 
form of 


can be observed in the 


decreased twitch lower 
be emphasized that 


this decline occurs despite an environment 


tension at 
frequencies. It should 


that is ideal with respect to inorganic ions 
and oxygenation, Unlike mammalian heart 
muscle, the frog heart has no coronary sys- 
tem and depends for oxygenation on the 
movement of blood through the sponge-like 
network cells that constitute the 
ventricular wall. It is therefore no problem 
for oxygenated Ringer solution to perfuse 
the various parts of the frog ventricle ade- 


of muscle 


quately. Not only is there no impairment in 
oxygenation, but it is likely that the develop- 
ment of the hypodynamie state occurs in the 
absence of any decrease of high energy phos- 
phate. Although this has not been studied in 
frog ventricle, Furehgott and de Gubareff* 
have shown that the development of the hypo- 
dynamic state in guinea-pig atria is not asso- 
ciated with any change in the concentration 
of high energy phosphate compounds in the 
atrial muscle. It would appear therefore that 


Circulation, Volume XXIV, August 1961 





CARDIAC ACTIVE PRINCIPLES IN BLOOD PLASMA 531] 


the hypodynamie state in frog heart muscle 
is not due to a defect in the supply of phos- 
phate energy to the contractile protein. For 
a more detailed discussion of the question 
of whether the defect in experimental hypo- 
dynamic states is due to a defect in energy 
supply or energy utilization see reviews by 
Hajdu and Leonard* and by Wollenberger.° 

We may now consider the substances that 
can restore frog-heart contractility to the 
original level. Actually, a very great number 
and variety of substances of plasma origin 
can improve the hypodynamic heart. Ringer 
concluded that the plasma activity resided 
in a nondialyzable fraction. Clark found that 
a positive inotropic effect could be obtained 
not only with soaps, such as sodium oleate, 
but also with various phospholipids and even 
amino acids. Other surface-active substances, 
such as bile acids, also improved contractility. 
In addition, beneficial effects have been ob- 
tained with adrenalin,® adenosine triphos- 
phate (ATP),’ and with pharmacologic con- 
centrations of certain 
deoxycorticosterone 


steroids, such as 


and progesterone.‘ <A 
ereat many investigators have worked in this 
field, and the interested reader can find more 
references in the review by Amberson.® 

Most of the substances we have mentioned 
are capable of bringing the contractility of the 
hypodynamie frog heart back to normal, if 
they are added to the bathing solution in 
sufficient concentration. Their effect can be 
appreciated by reference to figure 1, in which 
twitch tension is plotted on the ordinate and 
the time interval between stimuli is plotted 
on the abscissa. The twitch tension of both 
the fresh heart and the washed hypodynamic 
heart varies with the frequency of stimula- 
tion. Comparison of these curves shows that, 
whereas the twitch tension of the hypo- 
dynamic heart approaches that of the fresh 
heart at high frequencies, at intermediate 
frequencies fresh heart is capable of develop- 
ing much greater twitch tension than is the 
hypodynamie heart. The beneficial substances 
we have discussed above cause the hypo- 
dynamic curve to shift back toward the fresh 
heart curve. 


Tension in % 
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Figure 1 


Effect of prolonged saline perfusion on isolated 
frog hearts. 


In one respect, however, the hypodynamic 
frog heart, which is improved by the addition 
of these materials, is still different from a 
normal heart: on subsequent washing, the 
hypodynamic state develops very rapidly. 
This is in marked contrast to the slow and 
gradual decline in contractility that occurs 
with a fresh heart. It seems reasonable to 
postulate that the development of the hypo- 
dynamic state in the frog heart is due to the 
slow loss of some material from the muscle. 
One would suspect that it is present in low 
concentrations in frog blood, and that an 
appropriate cardiac content is maintained be- 
cause of the constant perfusion and the high 
affinity of the material for the heart. If so, 
perfusion of a hypodynamic frog heart with a 
large volume of normal frog plasma should 
result in the slow accumulation of the ma- 
terial, so that once again the heart would 
become hypodynamic only after prolonged 
washing. 

Recently, a material that may fulfill these 
conditions has been isolated.® It is a phospho- 
lipid called ‘‘ 8-palmitoyl-lysolecithin,’’ which 
ean be found in small concentrations in 
mammalian plasma. It has been isolated from 
adrenal medulla and may be rather widely 
distributed in the chromaffin system. Although 
this substance is present in mammalian plasma 


in concentrations too low to affect the hypo- 
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dynamic frog heart immediately, it becomes 
bound to frog cardiac muscle so that, if a 
frog heart is perfused with successive changes 
of serum, a significant amount of lysolecithin 
gradually accumulates. And, in contrast to 
the other substances discussed, after exposure 
to this material the restored heart becomes 
hypodynamic only gradually in the course 
of prolonged washing. Attempts have not yet 
been made to isolate lysolecithin from frog 
tissues. If it is found in frog plasma, it would 
be reasonable to postulate that lysolecithin is 
the naturally occurring substance that is slow- 
ly washed away from the frog heart during 
the development of the hypodynamic state. 

Lysolecithin differs in another way from 
substances previously shown to restore the 
contractility of the hypodynamic frog heart. 
This can be appreciated by referring once 
again to figure 1, which shows how twitch 
tension varies with the interval between 
stimuli. Lysolecithin, like the cardiac gly- 
cosides, can cause maximal twitch tension even 
at very low rates of stimulation, which is 
represented in the figure by the nearly hori- 
zontal line at the top of the graph. In higher 
or toxic concentrations, the glycosides or 
lysolecithin induce systolic arrest or con- 
tracture, a phenomenon that is not seen with 
the other substances we have been discussing. 
Their positive inotropic effect is therefore 
profoundly greater than that of any of the 
other substances. Recently we have isolated 
from mammalian plasma a cardiotonic pro- 
tein system of great potency that is com- 
prised of three globulins that have been 
called cardioglobulin A, B, and C.'° The effect 
of cardioglobulin on the frog heart in a con- 
centration comparable to that found in nor- 
mal human plasma is similar to that of a 
nontoxic concentration of cardiac glycosides. 
(This protein system also causes constriction 
of the peripheral vasculature of the frog 
in a Trendelenburg preparation, and therefore 
the vasoconstrictor globulin studied by Sakai 
and Hiramatsu many ‘years ago may have 
been cardioglobulin.'') 

A new question of great interest now arises 
as a result of these studies of the hypodynamic 
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amphibian heart. The discovery of 2 inotropic 
systems, lysolecithin and cardioglobulin, with 
cardiotonie potency comparable to that of the 
cardiae glycosides, indicates that we must 
determine whether either of these systems is 
important in the maintenance of normal myo- 
cardial contractility in the mammal. In this 
regard, the plasma concentration of cardio- 
globulin in various clinical states is of inter- 
est. We have compared the plasma concen- 
tration of eardioglobulin C in normals, in 
patients with aortic stenosis, and in patients 
with essential hypertension. In both aortic 
stenosis and essential hypertension, 2 con- 
ditions characterized by increased left ven- 
tricular isometric tension in systole, the con- 
centration of cardioglobulin C is significantly 
increased above normal.!*: 1% This is consist- 
ent with the idea that cardioglobulin could 
be a naturally occurring cardiotonic system 
that is increased in the hyperdynamic states 
noted. The increased cardioglobulin seems to 
be related to the increased pressure devel- 
oped by the left ventricle and not simply to 
increased work, since in aortic insufficiency 
(characterized by increased stroke work with- 
out an increase in pressure), cardioglobulin 
is normal. The concentration of cardioglobu- 
lin has also been measured in various types 
of cardiac failure, and it has been found 
that values for patients with failure sec- 
ondary to valvular disease (aortic or mitral 
insufficiency) are normal. In contrast, about 
half of the patients with cardiac failure sec- 
ondary to idiopathic myocardial disease ap- 
peared to fall into a separate population with 
extremely low values of cardioglobulin.'* '* 
The question whether the myocardial failure 
of this group may be caused by the observed 
eardioglobulin deficiency cannot be answered 
at this time. 

The questions about cardioglobulin raised 
by these clinical correlations lead us to con- 
sider studies on experimentally induced hypo- 
dynamic states in mammalian heart muscle. 
Investigations on surviving strips of mam- 
malian heart received considerable impetus 
when Cattell and Gold introduced the cat 
papillary-muscle preparation for the study 
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Effect of prolonged saline perfusion on rat right 
ventricle strips. 


of the action of cardiac glycosides.’* Since 
that time a great variety of substances of 
mammalian origin have been found to in- 
crease the contractility of isolated cat 
papillary muscle: including phospholipids,’ 
amines,’ amino acids, serum albumin,!® *7 
a dialysate of serum albumin,’ and various 
adrenal steroids.1* The substances studied 
have been isolated not only from serum?® 17 
but also from fractions of dried spleen!® and 
from liver.?® 

In attempting to evaluate these various 
results, it is pertinent to recall that the con- 
tractility of the isolated frog heart in saline 
declines slowly and steadily over a period 
of hours, despite normal energy metabolism 
and ionic environment, suggesting that a sub- 
stance which maintains normal contractility 
is gradually washed away from the heart. 
Does a comparable situation exist in the 
ease of mammalian hearts? Unfortunately 
the studies under consideration cast no light 
on this question because the comparable ex- 
perimental conditions do not exist in the 
mammalian heart preparations. The mam- 
malian tissues studied were hypodynamic be- 
cause of abnormally low calcium or bicarbon- 
ate concentration in the extracellular medium 
in some cases, and in others it is probable that 
impaired oxygenation caused the hypody- 
namie state. In contrast to the frog heart, 
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which has no coronary system, oxygenation 
of dense mammalian ventricular tissue is dif- 
ficult to accomplish once the coronary circula- 
tion is interrupted. Because of the difficulty 
in oxygenation, we would not expect cat papil- 
lary muscle stimulated at rapid rates to sur- 
vive without some metabolic abnormality. 
Tanz, for example, has recently published 
photomicrographs showing severe histologic 
damage in cat papillary muscle stimulated at 
1 per second at 37 C. for 6 hours.’® Therefore, 
although a great variety of substances of 
biologic origin have been found to improve 
the performance of mammalian heart prepara- 
tions, it is difficult to judge the physiologic 
significance of these findings, and none of the 
studies provides an answer to our question 
about whether there is a cardiotonic material 
bound to mammalian cardiac muscle that is 
lost when the tissue is removed from its nor- 
mal environment. 

Some recent results of our own, which are 
addressed to this problem, can be seen in 
figure 2. The studies were made on thin 
strips of right ventricle from very young 
rats, and the graph shows twitch tension 
plotted as a function of the interval between 
stimuli. The upper curve represents the nor- 
mal pattern found in freshly prepared rat 
ventricle. After 3 hours of washing in Krebs 
bicarbonate solution, the lower curve is ob- 
tained, with considerably lower twitch ten- 
sion over a wide frequency range. This can 
be reversed with digitalis or mammalian 
plasma, and the original decline can be pre- 
vented if the strip is maintained from the 
beginning in mammalian plasma. In general, 
it appears that mammalian cardiac muscle 
strips immersed in an environment which is 
ideal with respect to inorganic ions and 
oxygenation becomes hypodynamie on _ pro- 
longed perfusion, and it is probable that this 
decline in contractility can be prevented if 
heart strips are maintained in mammalian 
plasma. 

We will now turn to a brief consideration 


of studies on mammalian hearts in situ in 
which the vascular connections between the 
heart and other organs are partly or com- 
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pletely severed so that it is possible both to 
achieve some control over factors that affect 
myocardial function and to measure the rate 
of utilization of oxygen and other metabolic 
substrates. The prototype preparation is, of 
course, the heart-lung preparation, but there 
are also various interesting modifications in 
which 1 or more organs of the body are 
excluded from the general cireulation. It 
was clearly stated by Starling and Visscher”? 
that the classical heart-lung preparation de- 
teriorates over a period of several hours, a 
decline which is reflected in both a decrease 
in contractility and in efficiency. It is appar- 
ent that many factors may contribute to the 
decline of myocardial performance in the 
heart-lung preparation. For example, a_pe- 
riod of impaired coronary blood flow is almost 
inevitable and, if prolonged, will produce 
irreversible myocardial damage. The heart- 
lung preparation is deprived of sympathetic 
tone and probably undergoes progressive de- 
pletion of the cardiac 
amines, which are an important determinant 
of myocardial contractility. 


sympathomimetic 


Various sub- 
stances produced by other organs of the body 
will not be available to the heart-lung 
preparation and these may conceivably be of 
importance at the level of either energy pro- 
duction or of energy utilization. Finally, dis- 
turbances may be produced by the tubing of 
the extracorporeal part of the system, and 
emboli may arise either from small clots or 
from bits of dried blood that form on the 
walls of the venous reservoir. In fact, one 
cannot overemphasize what a poor perform- 
ance the heart-lung preparation renders com- 
pared to the intact heart. (For interesting 
recent data see references 21, 22, and 23.) 
Although it is therefore practically impos- 
sible to find one’s way among the various 
difficulties inherent in these preparations, 1 
or 2 facts of interest stand out. In the first 
place, it becomes apparent from the results 
of several groups of investigators that myo- 
cardial performance is better when the liver 
and spleen are included in the circula- 
tion.** 24-6 In some studies the effect of liver 
and spleen appear to be primarily on the 
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metabolism of the heart,?* 24 whereas in others 
some factor from the liver and spleen seems 
to have a primary effect on myocardial con- 
tractility.** °° The nature of such a substance 
isolated from hepatic venous blood after 


stimulation of the splenic nerve has been 
said by Schmier to be a polypeptide.?® Re- 
cently Sayers’ group has suggested that hor- 
mones from the adrenal cortex may delay 
the decline of performance seen in a heart- 
lung preparation of the rat.** These findings, 
like those reviewed for isolated cardiac mus- 
cle, must be evaluated by asking why the 
heart-lung preparation is depressed in the 
first place, and whether the beneficial sub- 
stances reported are important only in these 
experimental protocols or whether they have 
a general physiologic significance. 

A new and encouraging note in the field 
of in situ heart preparations has been intro- 
duced by perfusing the coronary system of 
the experimental heart with blood from a 
healthy donor dog.**;?5 This preparation, 
which has been studied by Sarnoff and co- 
workers, sometimes maintains a steady level 
of contractility for several hours. Therefore, 
despite all the difficulties that we have enu- 
merated, it is possible for a denervated heart 
to maintain a fair level of functional capacity 
over a period of time, provided that vascular 
contact with a.normal donor dog is main- 
tained. One cannot say whether one of the 
beneficial effects of the donor animal is the 
maintenance at normal levels of some hypo- 
thetic cardiae active substance, but at least 
this preparation might provide a basis for 
experimental investigation of the point. 

It would be of great interest, for example, 
to determine cardioglobulin concentrations in 
such a preparation. We know in the case of 
the rat that an extracorporeal circuit that 
includes a filter with a large air-blood inter- 
face is associated with rapid destruction of 
cardioglobulin C. A comparable destruction 
occurs in patients subjected to a period on 
a heart-lung machine. Whereas there is a 
comparatively small change in cardioglobulin 
C concentration during the pumping period 
of 30 to 45 minutes, we have found that 
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there is a marked drop in cardioglobulin con- 
centration during the first few hours after 
surgery. During the ensuing 24 hours con- 
siderable recovery occurs, with cardioglobulin 
concentrations again approaching normal. 
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Dr. DeHaan: Dr. Hoffman, I should like to 
ask a question—or 2 questions, as a matter of 
fact. First, do you believe that this very in- 
teresting disturbance, apparently of the all- 
or-none response of the bundle or bundle 
branches negates Curtis and Travis’s findings 
in 1951 of the all-or-none response ? 

Dr. Hoffman: No, I don’t think our observa- 
tions negate the findings of Curtis and Travis 
(Am. J. Physiol. 165: 173, 1951). If a por- 
tion of the bundle or false tendon is stimu- 
lated and the action potential propagates in 
tissue that is fully repolarized, conduction 
will be all-or-none. However, if there are lo- 
eal differences in action-potential duration 
and if, for this reason, propagation enters 
partially depolarized fibers, decremental con- 
duction of block may oceur. 

Dr. DeHaan: May I go on to the second 
question? In your closing comments, you men- 
tioned a graded transition from conduction 
cells to typical ventricular cells. I assume that 
you were referring to the electrophysiologic 
transition; that is, the gradual change from 
1 type of action potential to another. Or did 
you have some other evidence that the transi- 
tion is really a graded one and not individual 
differences between cells in a fiber. 

Dr. Hoffman: I was thinking of both. If you 
penetrate many fibers in the region of the 
junction, you get action potentials that are 
typical of Purkinje fibers, typical of ventricu- 
lar muscle, and also of every conceivable in- 
termediate form. Also, I thought that Kugler 
and Parkins (Anat. Rec. 126: 335, 1956), 
among others, had studied the histology of 
this region and shown at least 3 branches in 
the peripheral Purkinje fibers, all in nice 
focus in the same section. I think they called 
these branches A, B, and C; they look as if a 
gradual progression were present. Except for 
a few slides of our own, their anatomic stud- 
ies are what I had in mind. 

Dr. Rhodin: It is very satisfying to learn 
that our anatomic findings and Dr. Weid- 
mann’s physiologic ones concerning the num- 
ber of cell divisions and their role in the 
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spread of excitation agree so well. There is 
one bit of information I should like to add to 
what I said yesterday. In comparing the in- 
terealated discs in the myocardium and what 
I call the desmosome type that we find in the 
cells of the specific tissue, as perceived in the 
bundle of His and its branches, the surface of 
contact is increased at least by a factor of 50, 
so this, again, I think, would explain that the 
impulse travels so much faster in the specific 
tissue. 

Dr. Weidmann: In which kind of cells is the 
increase—Purkinje or myocardial? 

Dr. Rhodin: Purkinje fibers. 

Dr. Paul F. Cranefield (Brooklyn, N. Y.) : 
Dr. Weidmann’s work on the diffusion of po- 
tassium is very elegant and important. The 
membrane at the intercalated disc is obviously 
there anatomically, and, ever since this has 
been known, there has been a tendency for 
people to assume that the disc is a barrier to 
conduction. Its anatomic presence does not, 
of course, prove that it has any electrophysi- 
ologie function. 

I feel that, if the dise were to act as a direct 
impediment to conduction, then it should have 
a high resistance to the diffusion of ions; con- 
versely, if it did have a low resistance, then 
it is hard to imagine how it could slow down 
propagation in any way. There is, in my opin- 
ion, as of now, no acceptable direct evidence 
that there is any such barrier to ionic move- 
ment. 

I have noticed in the last few years a sort 
of willingness, almost a desire, to assume that 
this dise is a barrier to conduction. If we 
are forced to accept the dise as an impediment 
to conduction, then we will be faced with re- 
constructing all the electrophysiology of the 
heart on a radically new basis. I would urge 
all those who are not actively engaged in re- 
search bearing on this controversy to use cau- 
tion and discretion in adopting this hypothesis 
as a possible explanation for their own ob- 
servations. 

Chairman Brooks: Of course, there is 
another view also creeping in, I think; that 
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is, that the dise aids conduction. I agree that 
this question of dise effect must be handled 
with discretion. 

The first item in the next discussion is a 
4-minute motion picture film, which will be 
presented by Dr. Podolsky. 

Dr. Podolsky: Dr. Winegrad and Dr. Bian- 
chi showed that calcium is made available to 
the muscle cell when it is stimulated. The 
question then is, what happens next? One way 
of finding out is to puncture the membrane 
with a micropipette and inject different solu- 
tions in the cell. This technic was first used 
by Heilbrunn and Wiercynski (J. Cell. & 
Comp. Physiol. 29: 15, 1947) and later by 
Niedergerke (J. Physiol. 128: 12 P, 1955), 
and they got striking results by injecting cal- 
cium. 

Another preparation, which is considerably 
more flexible, was invented by the Japanese 
physiologist, Natori (Jikeikai M. J. 1: 119, 
1954). He showed that the membrane of a 
single muscle fiber could be removed by mi- 
crodissection and that the preparation was 
responsive to applied solution. 

I should like to show some experiments 
made with Natori’s preparation which dem- 
onstrate that it responds to calcium but not 
to magnesium, sodium, or potassium. 

(Showing of the film, with the following 
comments by Dr. Podolsky. ) 

The membrane has been removed from the 
fiber and the myofibrils are immersed in min- 
eral oil. An ordinary light miscroscope is used 
for observation. The striations are quite ob- 
vious. The pipettes are loaded with various 
solutions. Drops can be formed at the tip of 
the pipette and then applied to the myofibril. 
Since the pipettes are loaded with different 
solutions, the responses can be compared. 

The first sequence shows a region where the 
membrane has been taken off and another 
where the membrane is intact. The test solu- 
tion contains calcium at 3 mM. When drops 
are applied to the region with membrane, 
there is no response. Then, if they are applied 
to the stripped region, there is a contraction 
that is completely reversible. 

The next experiment shows that, if calcium 
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is omitted, there is no response. Contraction 
is elicited only in that region of the myofibril 
which is in contact with the calcium solution. 
There seems to be no spread of the contrac- 
tion. 

The last sequence shows that, if calcium is 
replaced by magnesium, there is no contractile 
response. Also, sodium and potassium, at con- 
centrations of 140 mM., do not trigger off the 
contractile mechanism. 

Chairman Brooks: At Dr. Weidmann’s re- 
quest, I should like to recognize some people 
from Cleveland who are working on this 
problem. 

Dr. T. Hoshiko (Cleveland, Ohio) : I should 
like to draw attention to the work of Dr. 
Rothschuh (Arch. ges. Physiol. 225: 238, 
1951) and to some work done with Drs. Spere- 
lakis and Berne (Am. J. Physiol. 198: 135, 
1960; Am. J. Physiol. 198: 531, 1960; Fed. 
Proc. 19: 108, 1960; Proc. Soc. Exper. Biol. 
& Med. 101: 602, 1959) that, we feel, show up 
some difficulties in the ‘‘syneytial’’ theory: 
(1) Dr. Rothschuh showed that, in cardiac 
muscle, depolarization upon injury will 
spread for only a short distance, less than 1 
mm. In skeletal muscle, such depolarization 
will gradually spread over the whole length 
of the muscle. (2) In frog heart perfused with 
hypertonic solution, quiescent cells with nor- 
mal resting potentials were found adjacent to 
very active cells. (3) The resistance of the 
single frog ventricular cell was high, namely, 
12 megohms. The resistance between 2 cell 
interiors was approximately double this value. 
(4) We have induced unidirectional propa- 
gation in a predictable direction in frog ven- 
tricular strips; this phenomenon cannot be 
easily explained in terms of a functional syn- 
cetium. (5) We found that tissue DC resist- 
ance of heart muscle increased 7-fold when 
the interspace ion concentration was reduced 
by one-tenth; on the other hand, in sartorius 
muscle, where the cells extend almost the 
whole length of the muscle, the resistance in- 
crease was only 2- to 3-fold. 

Finally as shown in figure 1, we measured 
the impedance of cat papillary muscle strips 
at various frequencies, before (open stars) 


Circulation, Volume XXIV, August 1961 





es 





aE 





: 


poe Ra = 


DISCUSSION 


and after (solid stars) interspace ion deple- 
tion. The initial impedance at 10 eps was set 
equal to 1. These were compared with the im- 


pedance of sartorius muscle before (open c¢ir- 
cles) and after (solid circles) soaking in iso- 
tonie sucrose for about 1 hour. Before soaking 
in sucrose, sartorius muscle impedance was 
independent of frequency, while cardiae mus- 
cle impedance fell slightly at the higher fre- 
quencies. After soaking in sucrose, sartorius 
muscle impedance rose 2-fold and was still 
independent of these frequencies. On the 
other hand, cardiac muscle impedance rose 
10-fold at the low frequency and fell dras- 
tically at the 
higher frequencies, a high resistance appears 


higher frequencies. At the 
to be short-circuited by a capacitive compo- 
nent. 

These facts, taken together, appear to indi- 
cate the presence in cardiac muscle of trans- 
verse membranes of respectable resistance 
and capacitance, which probably are the in- 
terealated discs. High resistance discs would 
make the functional syncytium theoretically 
inadmissible. 

Dr. Weidmann: I will be very brief. I 
think that these membranes have some re- 
sistance and I am quite sure that they repre- 
sent a capacity. The point of the argument 
was really a quantitative one rather than a 
qualitative one.. I think we have to go pri- 
vately through all of the data and see what 
can be done. 

Dr. Eichna: I guess I don’t understand the 
structure of the intercalated discs. Is the in- 
tercalated disc part of the same membrane 
that forms the wall of the cell or is it not? 

Dr. Weidmann: It is part of the same mem- 
brane. The membrane wrapping the side of 
the cell toward the extracellular space con- 
tinues directly into the disc, so I guess it is 
the same material. But the functional signifi- 
cance of 2 apposed membranes may not be 
the same as that of 1 membrane in contact 
with the extracellular space. After all, the 
ionic composition might be different, and this 
difference may change the resistance of the 
membrane. 

Dr. Bing: 1 should like to comment on Dr. 
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Figure 1 


Relative impedance versus frequency: in Tyrode’s 
solution, © xx; in sucrose, © ¥*. Ordinate=im- 
pedance ; abscissa=frequency. 


Hadju’s observation that the hypodynamic 
state is at first observed only at low frequen- 
cies but that later, on further washing, it 
occurs even at high frequencies. 

It is certainly true that the mechanical 
efficiency of the isolated heart is low. We 
were unable to restore normal efficiency by 
adding plasma from normal dogs to the per- 
fusion fluid. We have ascribed the decline in 
mechanical efficiency of the isolated heart to 
depletion of catecholamines in the perfusion 
fluid. This increase in efficiency occurs upon 
addition of small quantities of catecholamines 
and upon the inclusion of liver and spleen in 
the perfusion circuit. However, the changes 
in efficiency did not result from increased 
cardiae work, but from a diminution in myo- 
cardial oxygen consumption. It seems to me 
that it would be nice to have Dr. Hajdu’s 
cardioglobin defined more precisely. 

Dr. Hajdu: To deal with your second point 
first, the addition of norepinephrine increases 
efficiency but does not restore cardiae con- 
tractility to normal. As to the failure of 
fresh blood to restore contractility, it is diffi- 
eult by 
inerease the 


exchange-transfusion methods to 


concentration of certain sub- 
stances to normal. Our own experience with 


cardioglobulin bears on this point, since we 


have found that, in preparations which in- 
clude an extracorporeal circuit, the concen- 
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tration declines rather rapidly and cannot be 
brought back by the exchange method. 

Dr. Olson: I should like to ask Dr. Wine- 
grad a question. With regard to your very 
interesting caleulation of molar ratios of 
Ca** to actomyosin, I take it you meant myo- 
sin and not actomyosin. Is that correct? 

Dr. Winegrad: These calculations are very 
gross, and I will leave disagreement about 
the molecular weights to the biochemists. The 
figure of 500,000 was used as an approxima- 
tion of the actomyosin unit. 

Dr. Olson: But the measurements on acto- 
myosin show that it is a much larger molecule. 
Although actin G is 70,000, actin F is about 
1.5 X 10° and the measurements on skeletal 
actomyosin show it to be an enormous mole- 
cule of the order of 20 X 10° in weight. 

Dr. Winegrad: That’s right. 

Dr. Olson: The thing that occurred to me 
is that calcium introduced in vitro might 
activate myosin ATPase, but in the intact fi- 
bril Perry (Physiol. Rev. 36: 1, 1956) has 
shown that magnesium is a more effective ac- 
tivator than calcium. The question of myosin- 
ATPase activation by ions is very interesting 
and still controversial. Even the movie reveal- 
ing an inotropic effect of added Ca**+, which 
Dr. Podolsky showed, involves concentrations 
of calcium ions very much larger than the 
amount which you calculate move intracellu- 
larly during contraction. Isn’t that true? 

Dr. Winegrad: There are 2 considerations 
in this respect. First, since uniform distri- 
bution of the calcium entering the cell during 
contraction is probably not immediately 
achieved, regions with calcium concentrations 
higher than these calculations show will exist 
inside the cell transiently. 
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Second, with reference to the specific values 
of calcium concentration at uniform distri- 
bution, these values are of the same order that 
Dr. Ebashi (unpublished data) has found will 
affect the action of his relaxing factor system 
on in vitro actomyosin preparations. 

Three experiments were performed in 
which the guinea-pig atria were stimulated 
at 60/minute. At this rate the atria could not 
maintain their contraction tension for 10 min- 
utes without some decline. A decline in eal- 
cium uptake per beat also occurred in these 
experiments. These tissues have been irrever- 
sibly damaged and have suffered what one 
might call an acute type of failure, possibly 
related to the altered calcium metabolism. 

Dr. Olson: I should like to say one thing 
about the origin of the heart failure of re- 
duced energy utilization. All the evidence 
suggests that the oxidative process in this 
type of heart failure is normal. A multiple 
etiology may be involved: for example, there 
may be a disturbance in some aspect of chem- 
ical-mechanical coupling during contraction ; 
or, other factors, such as Dr. Hajdu’s plasma 
factor, or a variety of steroids, or the size and 
shape of the myosin molecule, may all be crit- 
ical for the normal contractile cycle. It may 
very well be that ultimately we can classify 
the heart failure of reduced energy utiliza- 
tion into several subcategories. 

Chairman Brooks: I was hoping we could 
end the symposium in a blaze of light rather 
than in an increasing darkness [referring to 
lights, which had just been turned on]. Now 
that the lights have come on again, our pur- 
pose is accomplished. In closing, I wish to 
thank the panel for their contribution to this 
meeting. 


The Pulsatile Beat of the Heart 
I am obliged to conclude that in animals the blood is driven round in a cireuit with 
an unceasing, circular sort of movement, that this is an activity or function of the heart 
which it carries out by virtue of its pulsations, and that in sum it constitutes the sole 
reason for the heart’s pulsatile movement.—W. Harvey. Movement of the Heart and Blood 
in Animals. Translated by N. J. Franklin. Springfield, Ill., Charles C Thomas, 1959 p. 87. 
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